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Abstract
GAMMA SPECTROSCOPY AND LIFETIME MEASUREMENTS IN THE
DOUBLY-ODD 194TL NUCLEUS, REVEALING POSSIBLE CHIRAL
SYMMETRY BREAKING
P.L. Masiteng
PhD Thesis, Department of Physics, University of the Western Cape.
In the first experiment high spin states in 194Tl, excited through the 181Ta (18O, 5n) heavy-
ion fusion evaporation reaction were studied using the AFRODITE array at iThemba
LABS. The γ-γ coincidences, RAD ratios and linear polarization measurements were car-
ried out and the previously known level scheme of 194Tl was significantly extended. A total
of five rotational bands four of which are new were observed. A pair of rotational bands
associated with the πh9/2 ⊗ νi−113/2 configuration at lower spins and with the πh9/2 ⊗ νi−313/2
configuration at higher spins was found and interpreted as the first possible chiral bands
followed above the band crossing. The two 4-quasiparticle bands show exceptionally close
near-degeneracy in the excitation energies. Furthermore close similarity is also found in
their alignments and B(M1)/B(E2) reduced transition probability ratios. In the second
experiment lifetimes in 194Tl were measured using the DSAM technique with the excited
states in this nucleus populated through the 181Ta (18O, 5n) reaction. A total of 25 lifetimes
and 30 reduced transition probabilities of magnetic dipole B(M1) and electric quadrupole
B(E2) have been evaluated. Furthermore B(M1) and B(E2) reduced transition probabil-
ities in Bands 1 and 4, which have been regarded as chiral candidates, were found to be
close to each other and reveals strong splitting along spin values. This further supports
the proposed chiral nature of these two bands.
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Chapter 1
INTRODUCTION
1.1 Chiral Symmetry Breaking
The chiral symmetry in nuclei, as introduced by S. Frauendorf [Fra97; Fra01], is repre-
sented by a left– and a right–handed systems of angular momenta, with each system only
connected to the other by the time reversal operator (see Figure 1.1). In the simplest case,
the angular momenta of an odd proton, an odd neutron, and the collective rotation of the
core, are oriented along the three major nuclear axes, and form a chiral system.
Figure 1.1. Left– and right–handed chiral systems for a triaxial odd-odd nucleus
A suitable nucleon configuration involves (i) a particle with an angular momentum aligned
along the short nuclear axis, and (ii) a hole, with angular momentum aligned along the
long nuclear axis. For a non-axially symmetric nucleus the rotational angular momentum
of the core tends to align along the intermediate axis, thus a triaxial nuclear shape is a
necessary condition for such a chiral system. In this description the left– and right–handed
5
 
 
 
 
6systems are identical, except for their handedness. In this case the experimentally observed
partner bands (in laboratory system) correspond to superpositions of the left– and right–
handed systems (formed in the body-fixed coordinate system). A signature for ideal chiral
rotation (there is no overlap of the left and right-handed systems in the body-fixed frame)
is suggested to be the observation of two degenerate ∆I = 1 bands of the same parity, i.e
with the same excitation energy and transition probabilities, as well as strongly suppressed
interband E2 transitions in comparison with the intraband E2 transitions [Fra01]. Perfect
degeneracy within certain spin range is not yet found in any nucleus, thus candidate chiral
bands are associated with nearly degenerate bands. However, similar rotational bands can
be generated by phenomena other than chirality too.
Some of the suggested fingerprints of chirality reflect the expected equivalence of the left-
and right-handed systems. Thus, the chiral partner bands should have the same: (i) align-
ments, (ii) moments of inertia, (iii) intraband B(M1) and B(E2) transition probabilities,
and (iv) excitation energies. Others are derived from different symmetries. For the largest
non-axiality of the nuclear shape with γ = 30◦, the moments of inertia of the core with
respect to the nuclear short and long axes become equal. This symmetry together with the
assumption that the proton and the neutron lie at the bottom and top of the same high-j
shell, result in a characteristic staggering in the B(M1) transition probabilities [Koi04].
Other calculations indicate that such staggering does not necessarily appear if γ 6= 30◦, or
if the neutron and proton Fermi levels are not exactly at the bottom and top of the same
high-j shell [Zha07]. It was also pointed out that the origin of an observed staggering in the
B(M1) rates may not necessarily indicate a chiral geometry [Shi12]. Another fingerprint
of chirality is suggested to be a vanishing energy staggering S(I) = [E(I)−E(I − 1)]/(2I)
in both partner bands. This is a result of having a negligibly small Coriolis interaction for
a system built of three mutually perpendicular angular momenta [Jos07]. It can also be
considered as a result of the requirement that the total angular momentum, I, and the rota-
tional frequency, ω, need to point in the same direction in order to minimize the term in the
3–dimensional tilted axis cranking (3D TAC) model, which then lead to non–conservation
of the signature quantum number, and thus to vanishing staggering [Fra97; Fra01]. It was
recently shown that this fingerprint is not reliable, because realistic chiral systems may
show relatively large energy staggering [Shi12].
So far, chiral doublet candidates have been proposed in about 30 nuclei (see [Men10] and
 
 
 
 
7references therein) in different mass regions (A ∼ 80, 100, 130 and 190). It is worth
mentioning that prior to this work only two cases in the A ∼ 190 mass region have been
proposed, 188Ir [Bal04] and 198Tl [Law08] as possible chiral candidates. Furthermore in
a more recent work the level scheme of 188Ir was extended and revised leading to the
conclusion that 188Ir most likely does not show chiral symmetry [Jun08].
Most of the proposed chiral doublet candidates are linked to chiral symmetry mainly be-
cause of the observed near-degeneracy in the excitation energy of the ∆I = 1 doublet
bands and perhaps near-degeneracy in the alignments and B(M1)/B(E2) reduced transi-
tion probability ratios, etc. The term near-degeneracy is however ill defined. Many of these
bands do not get closer in excitation energy than ∼ 200 keV. Therefore the interpretation of
a pair of doublet bands as chiral pair benefits from an additional experimental verification
of the similarity of the transition probabilities. Therefore, as a minimum requirement two
experimental criteria must be fulfilled: (i) The observation of nearly degenerate in excita-
tion energy ∆I = 1 bands build on the same single-particle configuration, and (ii) similar
electromagnetic properties, namely similar B(E2) and B(M1) values of the intra-band and
interband transitions. Staggering in the B(M1) values of the intra- and inter-band M1
transitions may also be observed, but this seems to be not so reliable criterion. In order
to deduce the reduced transition probabilities however one needs to measure the lifetimes
of the levels of the partner bands. So far lifetimes have been measured in very few chiral
candidates most of which are in the A ∼ 130 mass region [Ton06; Gro06; Muk07].
1.2 Motivation of the Study
Prior to this study the 194Tl level scheme was known up to very low excitation energy
and spin up to 15~ from a study done long time ago [Kre79]. The high spin states in the
doubly odd Tl nuclei are built on a coupling of a high-K πh9/2 and a low-K νi13/2. The
large signature splitting observed in the strongly coupled πh9/2 bands in the odd
193−197Tl
has been interpreted as a possible result of a non-axial deformation [Rev92]. This makes
the Tl isotopes a new region of possible chirality, since the valence proton and neutron
occupy suitable nucleon configuration and the nuclear shape may be triaxial.
In the present study of the high spin states in 194Tl the level scheme was substantially
 
 
 
 
8extended. In particular a new band (Band 4) was found which may be a chiral partner
to the πh9/2 ⊗ νi−113/2 Band 1. The relative excitation energy of Band 4 with respect to
Band 1 is 377 keV at I = 13 and only 47 keV at I = 19. These bands have not only
quite small relative excitation energy, but they also undergo band crossings at about the
same rotational frequency and have similar alignments. This is the only case observed so
far where the 2-quasiparticle chiral candidate bands persist through a bandcrossing and
show near-degeneracy for the 4-quasiparticle configurations too. Furthermore the near-
degeneracy of the 4-qp partner bands is exceptionally close. The relative excitation energy
is not more than 110 keV through the whole spin range I = 19− 23 and reaches ∆E=37
keV at I = 21. Such excellent near degeneracy suggests that perharps chiral symmetry
is present. The DSAM lifetime measurements yielded similar values for the B(M1) and
B(E2) transition probabilities which further supports the chirality interpretation. Partial
results from this work were recently published in Phys. lett. B [Mas13].
1.3 Layout of the Dissertation
The rest of this dissertation is organized as follows:
– Chapter 2 contains details about a few theoretical models describing the rotational be-
haviour of the nucleus in particular the TRS, CSM and PRM models.
– Chapter 3 discusses the experiments performed in our study together with the experi-
mental tools used in the data analyses.
– Chapter 4 presents the experimental results obtained on the level scheme of 194Tl and
also from the DSAM lifetime analysis as well as a discussion of the experimental results,
and in particular investigating possible chirality of the observed negative parity bands,
supported also by the measured lifetimes.
– Chapter 5 summaries and concludes the work presented in this thesis.
– Appendix A contains plots from the DSAM analysis for all the levels that were analysed.
 
 
 
 
Chapter 2
NUCLEAR STRUCTURE THEORY
2.1 Introduction
This chapter outlines the basic theoretical models and terminology used in the course of
this work in order to interpret the observed experimental data.
2.1.1 Nuclear Deformation
In order for nuclei to rotate they must be non-spherical so that they have a preferred axis.
If a constant nuclear volume (i.e. incompressibility of nuclear matter) and real solutions
are assumed, the nuclear radius can be described by
R(θ, φ) = Rav[1 +
∞∑
λ=2
λ∑
µ=−λ
αλµYλµ(θ, φ)] (2.1)
where λ indicates the order of the expansion, Rav is the radius of a sphere containing the
same total volume, αλ,µ are shape parameters coefficients. The λ = 1 terms are normally
excluded from the sum as these correspond to a translation of the centre-of-mass [Boh75].
λ and µ determine the surface co-ordinates as functions of θ and φ.
In the following a quadrupole deformation (λ=2) of a nucleus is considered, which can be
described by a set of five amplitudes α2µ. Such a deformation is invariant with respect to
a rotation of 180◦ about each of the three axes of the shape, see Figure 2.1. Note that the
9
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expression 2.1 describes in general an axially-asymmetric shape. If the body-fixed frame
is chosen to coincide with the principal axes of the nucleus, the following relations are
obtained for the expansion coefficients
α21 = α2,−1 = 0 and α22 = a2,−2 (2.2)
The shape parameters introduced above describe the quadrupole deformation of the nuclear
shapes, but often instead of α20 and α22 other parameters are used. One possible option
is to use β2 and γ parameters [Hil53], defined as
α2 0 = β2 cos γ and α2 2 = α2,−2 =
1√
2
β2 sin γ (2.3)
with α2,−1 = α2−1 = 0. β2 describes how deformed the nucleus is. Gamma is measured
in degrees where γ = 0◦ and γ = 60◦ correspond to prolate and oblate shapes respectively
while 0◦<γ<30◦ corresponds to triaxial nuclear shape. Shapes with largest triaxiality have
γ = 30◦.
For instance for spheroidal nuclei α22 = 0, α20 = β2, and
R(θ, φ) = Rav[1 + β2Y2 0(θ, φ)] (2.4)
which is independent of φ. This means that such nuclei are axially symmetric, either oblate
or prolate, see Figure 2.1.
The deformation parameter β2 (= α2 0), can be related to the axes of the spheroid by,
β2 =
4
3
√
π
5
∆R
Rav
(2.5)
in which the average radius is approximately Rav= R0A
1/3, and ∆R is the difference be-
tween the semi-major and semi-minor axes. The larger the value of β2 the more deformed
the nucleus. Positive and negative β2 values correspond to prolate and oblate shapes
respectively (see Figure 2.1).
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Figure 2.1. Diagram showing oblate, spherical and prolate shapes. The arrows for the
oblate and prolate shapes indicate the symmetry axis.
In other cases the quadrupole deformation parameters ǫ2 or δ are used. These are related
to β2 by the Equations 2.6 below.
δ =
∆R
Rr.m.s.
ǫ2 = δ +
1
6
δ2 +
5
18
δ3 +
37
216
δ4
β2 =
√
π
5
[
4
3
ǫ2 +
4
27
ǫ32 +
4
81
ǫ42] (2.6)
Higher order axially symmetric deformations have also been observed in nuclei, such as
octupole and hexadecapole deformations quantified by β3 (or ǫ3) and β4 (or ǫ4) respectively.
A very successful model that describes deformed nuclei is the Deformed Shell Model. In this
model the Schro¨dinger equation is solved using a mean potential that reflects, as closely
as possible, the actual shape of the nucleus. Another consequence of the deformation
is that the orbital angular momentum, l, and the intrinsic spin, s, are no longer good
quantum numbers and thus states with different l values (but the same parity) can mix.
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The energy of the states now depends on the component of the angular momentum along
the symmetry axis, Ω. For each orbital with angular momentum j, there are 2j+1 values of
Ω. However, levels with +Ω and −Ω have the same energy due to the reflection symmetry
of axially symmetric nuclei, so each state is doubly degenerate, i.e. 2 particles can be
placed in each state. For example the i13/2 orbital can have |Ω| equal to 13/2, 11/2, 9/2,
7/2, 5/2, 3/2 and 1/2. The ordering of these Ω levels depends on the particular shape
of the nucleus, since the lowest in energy is the orbital which interacts (or overlaps) the
most with the nucleus. For prolate nuclei the states with the lowest Ω values are the
most tightly bound whereas for oblate nuclei, the highest Ω orbitals are lowest in energy.
Such deformed shell model calculations were first performed by Nilsson in 1955 [Nil55]
with an anisotropic harmonic oscillator potential and the calculated states (called Nilsson
orbitals) are labelled by Ω[NnzΛ], where N is the total oscillator shell quantum number and
determines the parity, given by (-1)N . Λ is the projection of the particle orbital angular
momentum, l, on the symmetry axis (see Figure 2.2), and nz is the number of oscillator
shell quanta along the direction of the symmetry axis.
2.1.2 General Description of a Rotating Nucleus
Classically, the energy of a rotor is given by
E =
1
2
J ω2 (2.7)
where J is the moment of inertia of the system and
ω =
I~
J (2.8)
is the angular frequency and I is the angular momentum in units of ~. Combining Equa-
tions 2.7 and 2.8 implies that
E =
1
2
(I~)2
J (2.9)
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Figure 2.2. Notation used for angular momentum vectors in deformed nuclei. I is the
total angular momentum of the nucleus, R is the collective rotation and j is the single-
particle component. K is the projection of I on the symmetry axis and Ix is the projection
of I on the rotation axis while i is the projection of j on the rotation axis. Ωi denotes the
angular momentum projection of the ith particle. In the Nilsson model, j precesses about
the symmetry axis and Ω is a conserved quantity.
Transforming from a classical system to a quantum system, the angular momentum I2
becomes I(I+1) giving Equation 2.10.
E =
~
2
2J [I(I + 1)] (2.10)
Here J represents the static moment of inertia (also written as J (0)). Thus, for an ideal
rotating even-even nucleus, the ratio of the energy of the first 4+ state to the 2+ energy is
3.33. Indeed, values close to this have been observed in well deformed nuclei, e.g. for 186W
E(4+)/E(2+) = 3.25. For a band with a non-zero K value, Equation 2.10 becomes,
E =
~
2
2J [I(I + 1)−K
2] (2.11)
This takes into account the non-rotational component of the angular momentum due to
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the valence particles. The increase in the intraband transition energies, Eγ , with I, which
can be derived using Equations 2.10 or 2.11 assumes that the projection of I (=K) remains
constant.
The spacing of rotational states is generally in agreement with Equations 2.10 or 2.11. In
many nuclei at high spin (e.g in the A≈180 region, I≈16 ~ [Joh71]) there is a sharp decrease
in the level spacing, known as “backbending”. This is explained by the fact that at this
rotational frequency the ground-state band is crossed by another band. A yrast state is
the lowest energy state for a given spin. Another band, associated with an excitation of
a nucleon pair, becomes lower in energy and crosses the ground-state band. This occurs
because the Coriolis force at high rotational frequencies becomes strong enough to break a
pair of nucleons. Most sharp backbendings occur when the nucleons from the broken pair
occupy orbitals near the Fermi level with low-Ω.
2.1.3 Vibration
Another way in which nuclei can generate collective angular momentum is through vibra-
tion [Boh75]. In this case, vibrational quanta called “phonons” of multipolarity λ, carry
the excitation energy. Dipole (λ=1) vibrations correspond to translations of the centre
of mass of the nucleus and therefore cannot be produced by internal forces if the protons
and neutrons move together. Phonons of λ=2 produce low-energy quadrupole vibrations,
which can take two forms. The first, β vibrations, are shape oscillations directed along
the symmetry axis, see Figure 2.3. The angular momentum vector for such oscillations is
perpendicular to the symmetry axis, therefore, such bands are based on Iπ = Kπ = 0+
states. (The parity, π, is given by (-1) λ). A second type of quadrupole vibration produces
oscillations in the γ shape parameter. Gamma governs the magnitude of the triaxial de-
formation. The angular momentum vector of γ vibrations points along the symmetry axis
if one assumes that the nuclei will on average be axially symmetric , i.e the mean γ will be
zero. This gives rise to bands based on Iπ = Kπ = 2+ states. Gamma and β phonons can
couple together to produce other combinations of states, but always with positive parity.
Octupole vibrations are associated with λ=3 phonons. Such oscillations, represented in
Figure 2.3, are more difficult to visualise but they produce bands based on Kπ = Iπ = 0−,
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Figure 2.3. Diagram showing β, γ (quadrupole) and octupole vibrations when looking
along the symmetry axis [Kra88]. The dashed circle represents the cross-section of a non-
vibrating, axially symmetric nucleus.
1−, 2− and 3− states. Although the Iπ = 3− level is a purely octupole vibrational state,
the bandheads are able to have angular momentum of less than 3 by coupling with a back-
wards rotating nuclear core. Such backward rotation can partially cancel the component of
angular momentum of the phonon along the rotation axis, resulting in a K<λ bandhead.
2.2 The Independent Particle Spherical Shell Model
The Spherical Shell Model [May49] was first introduced in the first half of the 20th century
in order to explain the observed shell structure in nuclei. Closed shells occur at proton
and neutron “magic” numbers of 2, 8, 20, 28, 50, 82 and 126 where there are large energy
gaps between successive nuclear orbitals. At these shell closures, the binding energy of
the last nucleon is much larger than the corresponding value in the neighbouring nuclei,
e.g. 20882Pb126 is doubly magic and is thus very stable. The individual nucleon motions
can be described as being constrained in a potential that itself arises from the combined
effect of all the nucleons. The model describes spherical nuclei and is performing best with
a Woods-Saxon [Woo54] potential (see Equation 2.12 below) when a spin-orbit potential
also is used. This spin-orbit term arises from a coupling between the intrinsic angular
momentum, s, and the orbital angular momentum,l, of the individual nucleons, such that
j=l+s. The energy levels of each j-shell are 2j+1 degenerate, and are labelled by mj (the
 
 
 
 
16
projection of j ). The Woods-Saxon potential can be expressed as
V (r) =
−V0
1 + exp[ (r−R)
a
]
(2.12)
where r is the radial distance from the centre of the potential and a is a parameter that
determines how sharply the potential increases to zero. R is the radius at which V(R)=
-V0/2 where V0 defines the depth of the potential. The nature of the spin-orbit coupling
causes in particular high-j orbitals to be considerably split depending on whether j = l+1/2
or j = l − 1/2, and the j = l + 1/2 orbitals become pushed down in energy. When one of
these orbitals appears in a shell that is lower than it would have been without the spin-orbit
term, it is called an intruder orbital or unique parity orbital since its parity differs from the
other orbitals in that shell. This model can explain many features of spherical nuclei but
needs modifying to describe nuclei with many nucleons outside closed shells. The residual
interactions between these many valence nucleons may be more simply described in terms
of deformed potentials.
2.3 The Nilsson Model
The purpose of the Nilsson Model is to produce a basic single-particle model applicable to
the deformed nuclei. It accounts for most of the observed features of single-particle levels
in hundreds of deformed nuclei. Nucleons situated outside a closed shell, in anisotropic
orbits, can lead to ground state deformation. The assumption of a spherically symmetric
potential fails under these conditions. In order to improve the Spherical Shell Model, a
deformed potential was incorporated, giving rise to a class of Deformed Shell Models, DSM.
The Nilsson Model is one of the most prevalent versions of the DSM. This model is highly
successful and comparison to it is usually the first step in examining data from deformed
nuclei. There are two frequently used approaches. The first one introduces the expansion
in the definition of nuclear shape as described in section 2.1.1 and describes the nuclear
shape using β2 and γ parameters.
The second approach introduced by Nilsson, modifies the potential directly with an ex-
pansion in Legendre polynomials [Nil55; Mot55]. The focus of this approach is also on
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quadrupole deformations and the original five coefficients describing the nuclear shape
are reduced to two ǫ20 and ǫ22. The remaining coefficients can be transformed into polar
coordinates as follows:
ǫ20 = ǫ2cosγ (2.13)
ǫ22 =
2√
3
ǫ2sinγ (2.14)
The ǫ2 parameter can be used to write a deformation dependent Hamiltonian.
The nuclear potential is described by three-dimensional harmonic oscillator. Assuming
axial symmetry, consistent with quadrupole deformation, the oscillator frequencies can be
written as follows:
ω2x = ω
2
y = ω
2
0(1 +
2
3
ǫ2) (2.15)
ω2z = ω
2
0(1−
4
3
ǫ2) (2.16)
where ωz corresponds to the frequency of oscillation along the symmetry axis and ω0 is the
oscillator frequency for a spherical nucleus, ǫ2=0. Classically, the mass and the frequency of
harmonic oscillation have an inverse relationship ω2 = k
m
. The new definitions of ω remain
consistent with this simple picture. For example, elongation of the nucleus in the z direction
redistributes mass along the symmetry axis and results in a decrease in ωz. Increasing the
values of ǫ2 correspond to more deformed nuclear deformations, while negative values of ǫ2
indicate oblate shapes. Additionally, ω0 can be constrained by requiring a constant nuclear
volume,
ω0 = constant = (1− 4
3
ǫ22 −
16
27
ǫ32)
−
1
6 (2.17)
and the Hamiltonian can be written as:
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H =
p2
2m
+
1
2
mω20r
2 − 1
2
mω20r
2 ǫ2
4
3
√
π
5
Y20(θ, φ) + Cl · s+Dl2 (2.18)
The last two terms are defined with nucleon-type-dependent parameters, usually, k =
C
2~ω
and µ =
2D
C
. Equation 2.18 can be solved numerically for protons or neutrons, with the
solutions typically displayed as plots. These Nilsson diagrams, see Figures 2.4 and 2.5,
illustrate the effects of increasing deformation on the spacing and sequencing of nucleon
energy levels.
2.3.1 Explanation of Nilsson Plots
Nilsson plots can easily be understood when viewed in the light of two basic concepts. The
first is K splitting. The loss of sphericity of the nucleus establishes a preferred direction in
space, removing the degeneracy of magnetic substates. These states have identical single
particle angular momentum, j, but different projections on the symmetry axis, Ω. Individ-
ual angular momenta j1,j2,... have projections Ω1,Ω2, ... and the total angular momentum
projection is denoted with K. However, the quantal nature of the nucleus restricts core ro-
tation to an axis perpendicular to the symmetry axis, so for a single particle model K = Ω
= Ω1 + Ω2 + ...
Examples of Nilsson diagrams are presented in Figures 2.4 and 2.5. For oblate nuclei, states
originating from one sub-shell with specific j and with larger values of Ω describe nucleons
which have better overlap with the matter distribution of the nucleus. Thus their energy
is lowered at large deformation and they are favored. The opposite is true for prolate
deformations where low Ω value states are lowered in energy.
The second important effect illustrated in these Nilsson plots is an interaction between two
energy levels, called mixing. The Pauli principle forbids the coexistence of two states with
the same quantum numbers. In the Nilsson diagrams, the relevant quantum numbers are
Ω and parity. When the trajectories of these states approach each other, they obtain an
increasing component of the other. After the inflection point, the majority character of
each state trajectory is from the other state. In other words, states gradually influence
each other until they effectively swap trajectories. This can be demonstrated by tracing
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a straight line back through the inflection point and then following the corresponding
trajectory to zero-defomation line.
The Nilsson model is applicable for the ground state and the first few excited states in the
nuclei, for which the effects of possible nuclear rotation are negligible. In this regime, the
single particle and rotational degrees of freedom can be considered separately. It is not
unreasonable to consider the motion of a nucleon individually if it completes several orbits
before any significant rotation of the core. However, if the nucleus rotates fast, the Nilsson
single particle energies need correction. The Cranked Shell Model (CSM) incorparates the
effect of rotation on the single particle energies. It has become the model of choice when
investigating nuclei with large amounts of angular momentum.
2.3.2 Collective Rotation in the Body-fixed Frame: Cranking
Shell Model (CSM)
As mentioned in the previous section, the Nilsson model does not include a description
of a rotation of the nuclear core. When the nucleus rotates the Coriolis forces become
significant. The following modification to the Hamiltonian incorporates these forces:
H ′ = H − ωjx (2.19)
where H is the Hamiltonian without rotation, ω is the rotational frequency of the nucleus
and jx is the angular momentum operator along the rotational x axis. The modified
Hamiltonian, H ′, is dubbed the Routhian. It is worth noting, that the presence of a
velocity dependent term, ωjx, violates the Routhian’s invariance under time reversal. This
removes the sole remaining degeneracy, that of opposite single particle spin projections,
±Ω.
The only two good quantum numbers remaining, are the signature and parity. The rotation
operator is defined as Rx(θ) = e
(−iθjx). One application of this operator is to rotate the
nucleus by θ = 180◦ about the x axis. Logically, a 2π rotation results when the operator is
applied twice. For even-even nuclei a 2π rotation causes no alteration to wave functions.
However, odd-mass nuclei behave differently. They transform like spinors and the wave
functions acquire a negative sign after a 2π rotation. The situation is expressed as follows:
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R2x(π) = (−1)A, (2.20)
with A being the number of nucleons present in the nucleus. The eigenvalue of the rotation
Rx(π) is called signature and is labeled r. It also depends on the spin of the nuclear state
and is defined as:
r = (−1)I (2.21)
Thus, r alternates sign with increasing integer spin, I. The signature is more often repre-
sented by α, where
r ≡ e(−iπα) (2.22)
The dependence on I combined with the dependence onA leads to the following relationship
for even-even nuclei:
r =


+1 (α = 0) for I = 0, 2, 4, 6 . . .
−1 (α = 1) for I = 1, 3, 5, 7 . . .
On the other hand, odd-mass nuclei behave as:
r =


−i (α = 1
2
) for I =
1
2
,
5
2
,
9
2
, . . .
+i (α = −1
2
) for I =
3
2
,
7
2
,
11
2
, . . .
The signature is one of the only two remaining good quantum numbers. Thus, for an even-
even or a doubly odd nucleus, α is 0 or 1, and for a singly odd nucleus it is +1/2 or -1/2.
Parity π, is the other good quantum number and is defined by the presence or absence of a
change of sign for a wavefunction subjected to reflection through the origin. It is positive
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for nuclear states with wave functions that remain unchanged by spacial inversion and
negative for those that change the sign. For example, in the harmonic oscillator potential
of the Nilsson model, odd values of the principal quantum number, N, have negative parity
while even values have positive parity.
The input parameters to the CSM code include the proton and neutron numbers and the
deformation parameters of the rotating nucleus, for instance in the case of 194Tl they could
be β2 = 0.15, γ= -56
◦, and β4=-0.02 as predicted by TRS. The presence of the pairing
interaction shows as a large gap (pairing gap ∆) and a clustering of the levels at zero
frequency. The quasiparticle energies of the levels at ~ω=0 are described as:
Eqp =
√
(ǫi − λ) + ∆2 (2.23)
where ǫi - λ is the single particle energy with respect to the Fermi level. The quasiparti-
cle angular momentum in the intrinsic frame (experimentally calculated by subtracting a
reference spin from the total spin in the laboratory frame), is called an alignment, ix, and
can be obtained from the slope of the Routhian,
ix =
−∂e
∂ω
(2.24)
Due to the rotation of the nucleus, the time reversal symmetry is broken, and the 2-fold
level degeneracy of the levels in the static deformed nucleus is broken when moving away
from ~ω=0. The lower level of each pair is called the favored signature and the higher level
of each pair is called the unfavored signature. The favored signature can be determined
from
σfavored =
1
2
[(−1)j− 12 ], (2.25)
where j is the particle angular momentum. For an odd-odd nucleus
σfavored =
1
2
[(−1)jν− 12 + (−1)jpi− 12 ] (2.26)
where jπ and jν are unpaired proton and neutron angular momenta, respectively. The split-
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ting between the favored and unfavored signatures, which can be found by ∆e=eunfavored-
efavored, is called a signature splitting.
2.4 Comparison of Experimental Data with CSM
Calculations
A rotational band is characterised experimentally by the transition energies, Eγ, and their
intensities, Iγ, and the angular correlation between these transitions. The measurement
of the energies and multipolarities of the linking transitions from rotational bands to the
known low-spin levels allows the determination of the excitation energies, Eexc, spins, I,
and parities, π, of the levels within the rotational band. From lifetimes of the levels within
the rotational band, the degree of collectivity is obtained.
In order to be able to compare experimental results to the theoretical calculations which
are made in the rotating frame, transformation of the experimental excitation energies,
Eexc, and the experimental angular momentum, I, to the intrinsic rotating frame of the
nucleus must be perfomed. For this purpose, we define the rotational frequency, ω, for a
given state with angular momentum, I, as
ω(I) = ~−1
dE(I)
dIx(I)
(2.27)
In practical calculations, the derivative is approximated by quotient of finite differences.
Therefore, 2.27 becomes
ω(I) ≈ ∆E(I)
∆Ix(I)
~
−1 =
E(I + 1)− E(I − 1)
Ix(I + 1)− Ix(I − 1)~
−1, (2.28)
where
Ix(I) =
√
I(I + 1)−K2 ≈
√
(I +
1
2
)2 −K2 (2.29)
is the projection of the total angular momentum onto the rotation axis, K is the projection
onto the symmetry axis, I is the spin of an intermediate non-existing level between the
I + 1 and I − 1 levels of the rotational band. The total experimental Routhian, E ′, is
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defined by
E
′
(I) = E(I)− ω(I)Ix(I), (2.30)
where
E(I) =
1
2
[E(I + 1) + E(I − 1)] (2.31)
E
′
(I) contains both the collective and single-particle excitations. The projection of the
total angular momentum onto the rotation axis, Ix, also includes both, rotational and
single-particle components. To extract information on the excited single particles, the col-
lective part has to be subtracted from the total Routhian and the total angular momentum.
This is obtained by subtracting a reference core. The experimental Routhian, e
′
, and the
alignment, ix, of the excited single particles are given by
e
′
(ω) = E
′
(ω)−Eref(ω) (2.32)
and
ix(ω) = Ix(ω)− Irefx (ω) (2.33)
where Eref and Irefx are the total energy and angular momentum of the reference core. The
ground-state band of an even-even nucleus that contains no particle excitations is believed
to be a good reference. In many cases, the yrast band above the first crossing with the
ground-state bands can also be used as a reference. Because the moment of inertia is not
constant, and the ground-state band can only be determined experimentally for a limited
frequency range, the moment of inertia parametrisation,
Jref = J0 + J1ω2, (2.34)
is used [Har65] where J0 and J1 are known as Harris parameters. The angular momentum
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of the reference system is obtained from
Irefx = ω(J0 + ω2J1). (2.35)
The Harris parameters, J0 and J1, are determined by fitting the experimental points in
the Ix versus ω plot. The energy of the reference system is calculated as:
Eref(ω) = −
∫
Irefx (ω)dω = −
1
2
ω2J0 − 1
4
ω4J1 + 1
8J0 (2.36)
using equation 2.27 to calculate ω. Particularly, in case of rotational states connected
with γ-ray transitions of energy Eγ and E2 multipolarity, where ∆I = 2, the rotational
frequency, ω, the kinematic, J (1), and the dynamic, J (2), moments of inertia can be
calculated from experimental data using the following expressions [Ben86]
ω ≈ Eγ
2
[
MeV
~
] (2.37)
J (1) ≈ 2
Eγ
I[
~
2
MeV
] (2.38)
J (2) ≈ 4
∆Eγ
[
~
2
MeV
], (2.39)
where ∆Eγ is the energy difference between two successive γ rays. The dynamic moment
of inertia, J (2), is independent of spin, I. This property is very useful in cases where spin
and parity of a given rotational band are not known. A plot of J (2) as a function of ω may
help to draw conclusions about the configuration of the band by comparing it to similar
known bands.
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2.5 Potential energy surface Calculations and
Application to the Experimental Data
The total Routhian surface (TRS) calculations data base constructed by R. Wyss [Wys90]
have been used in this work. In addition we perfomed a Crancked-Nilssons-Strutinsky
(CNS) calculations to determine the nuclear shape. Both are potential energy surface
calculations, and search for the minimum total energy of the nucleus as a function of its
shape. Table 2.1 presents the five different TRS data bases for nuclei in the different mass
regions. The total energy of the nucleus is calculated for a nucleon configuration near the
Fermi surface as a function of the deformation parameters β2, β4, and γ. Input parameters
allow a control over the particle numbers N and Z and the configurations of the unpaired
particles described by parities and signatures. The TRS code calculates the potential
energy of the nucleus as a function of deformation, and presents not only the calculated
potential minimum, but an equipotential contour plot in polar coordinates, with the radial
axis being β2 and the angle being γ. The lowest energy deformation potential corresponds
to the predicted deformation.
IMESH = 0 30 ≤ Z ≤ 44 32 ≤ N ≤ 48
IMESH = 1 50 ≤ Z ≤ 62 60 ≤ N ≤ 78
IMESH = 2 58 ≤ Z ≤ 70 72 ≤ N ≤ 90
IMESH = 11 64 ≤ Z ≤ 74 84 ≤ N ≤ 104
IMESH = 8 72 ≤ Z ≤ 84 92 ≤ N ≤ 118
Table 2.1. The databases of the TRS calculations
The potential changes as a function of the cranking frequency, and so the plots are frequency
specific. A detailed description of the model can be found in [Wys90].
The CNS calculations are based on the same idea, to look for the minimum total energy of
the nucleus as a function of its deformation. The difference between the two codes is that
the nuclear potential is a deformed Nilsson potential, instead of the Woods-Saxon potential
as in the TRS code. Furthermore while the TRS data bases were already calculated, the
CNS calculations were perfomed at iThemba LABS. Another difference between the CNS
and the TRS codes is that the potential energies are calculated for specific spins I in CNS
and for given rotational frequency ω in TRS.
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2.6 The Particle-Rotor Model
In the particle-rotor model the rotating nucleus is treated as a collectively rotating core
consisting of paired nucleons to which an odd nucleon is coupled. The total angular mo-
mentum, I, of the coupled system is given by I=R+j, where R is the collective angular
momentum of the core, and j is the particle angular momentum. The detailed descrip-
tion of the particle-rotor model can be found in [Boh75; Nil95; Szy83]. In the quantum
mechanical description one cannot define a collective rotation about the symmetry axis
of the nucleus, since this only corresponds to changing a trivial phase factor in the wave
function. This implies that only deformed nuclei can perform collective rotation, and in
the case of an axially-symmetric nuclear shape the rotation can only take place about an
axis perpendicular to the symmetry axis. For pure collective rotation the Hamiltonian can
be written as
Hrot =
~
2
2J0R
2 (2.40)
where, J0 is the moment of inertia. The energy spectrum then takes the form
Erot =
~
2
2J0 I(I + 1) (2.41)
With I=R. In the presence of a particle coupled to the core, the full Hamiltonian is given
by
H = Hrot +Hsp (2.42)
with Hsp=T+V being the deformed single-particle Hamiltonian, T the kinetic energy of
the coupled particle and V the corresponding potential energy. The single-particle energies
are determined by the wave equation
HspΦK(q) = EKΦK(q) (2.43)
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where ΦK(q) are the eigenfunctions, and q represents the intrinsic coordinates. K is the
component of the total angular momentum with respect to the symmetry axis. Due to
the axial symmetry of the system (R3 = 0) the quantum number K is equal to the eigen-
value of the component, j3, of the particle angular momentum, which is usually called Ω.
For an axially-symmetric system K is a good quantum number in contrast to an axially-
asymmetric system. In the particle-rotor model the nuclear system is also assumed to
possess ℜ invariance, that is, invariance with respect to a rotation of π about an axis
perpendicular to the symmetric axis. The wave functions in the particle-rotor model can
be characterized by the quantum numbers I,K and M, the last one being the projection of
the total angular momentum on the z-axis of the laboratory system. The wave functions
are then given by
ΨKIM = (
2I + 1
16π2
)1/2(ΦK(q)D
I
MK(ω) + (−1)I+KΦK(q)DIM−K(ω)) (2.44)
For I = K,K + 1,K + 2, and K 6= 0. The orientation of the nucleus relative to the
laboratory system is given by the Euler angles, ω = (φ, θ, ψ). The wave functions 2.44
describe rotational bands with I = K,K + 1,K + 2, for K 6= 0. In the case of K = 0 the
wave functions become
Ψr,K=0,IM = (2π)
−1/2Ψr,K=0(q)YIM(θ, φ) (2.45)
with
I = 0, 2, 4, . . . for r = +1 (2.46)
I = 1, 3, 5, . . . for r = −1 (2.47)
Therefore if K = 0 only rotational bands consisting of ∆I = 2 transitions within the band
are expected.
By using the relation R=I-j the rotational Hamiltonian can be written as
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Hrot =
~
2
2J0 (I1 − j1)
2 + (I2 − j2)2 (2.48)
=
~
2
2J0 I
2 +
~
2
2J0 (j
2
1 + j
2
2 − j23)−
~
2
2J0 (j+I− + j−I+) (2.49)
with I± = I1 ± iI2 and j± = j1 ± ij2. The first term only depends on the total angular
momentum, I, and is a constant of the motion. The matrix elements of (j21 + j
2
2) in the
second term, representing a recoil energy of the rotor, depend only on the particle wave
function, Φk, and could be included in the energy EK . For each rotational band they are
therefore constant. Third term corresponds classically to the Coriolis and centrifugal force
and represents a coupling between the intrinsic and rotational motion. The Hamiltonian
can be written in the following way
H = H0 +Hc (2.50)
H0 = T + V +
~
2
2J0 I
2 (2.51)
Hc = − ~
2
2J0 (j+I− + j−I+) +
~
2
2J0 (j
2
1 + j
2
2 − j23) (2.52)
For small I it is a good approximation to consider the Coriolis term, j+I−+ j−I+, as being
small. This means that at low angular momentum and large Ω the Coriolis term can be
treated in first order perturbation theory only considering the diagonal matrix elements.
The operators j± and I± changeK with one unit (∆K = ±1), and only in the case ofK = 1
2
the diagonal elements of the Coriolis term are different from zero. This approximation,
where it is assumed that the influence of the rotation on the intrinsic structure of the
rotating nucleus can be neglected, is often referred to as the strong coupling limit or
adiabatic approximation. This coupling scheme, where the particle is strongly coupled to
the core, is also called deformation alignment. The expectation value of the energy then
becomes
EKI = 〈KIM |H|KIM〉 = EK + Erot (2.53)
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Erot = 〈KIM |Hrot|KIM〉 = ~
2
2J0 (I(I+1)+a(−1)
I+1/2(I+1/2)δk,1/2)+~
22J0〈K|j21+j22−j23 |K〉
(2.54)
The parameter a is called the decoupling parameter and is defined as
a = −∩ 〈K = 1/2|j+|K = 1/2〉 (2.55)
where | ∩ K = 1/2〉 = ΦK represents the time reversed state of ΦK . The energy in the
adiabatic approximation can then be written to the lowest order
EKI = EK +
~
2
2J0 (I(I + 1)−K
2 + a(−1)I+1/2(I + 1/2)δk,1/2) (2.56)
where the contribution from the recoil term has been included in EK .
If the nucleus rotates very fast treating the Coriolis term in the first order perturbation
theory is no longer valid. The Hamiltonian 2.48 can also be written in the form
H = Hsp +
~
2
2J0 (I
2 + j2 − 2I.j) (2.57)
The last term, I.j, again represents the Coriolis force, which becomes important especially
for large I, high-j and low-Ω orbitals. Since it is of the form I.j, it has a maximum value,
when I and j are parallel thereby minimizing the total energy. It is therefore energetically
favourable to align the intrinsic spin, j, with the total spin, I, which is perpendicular to
the symmetry axis. This is in contrast to the deformation aligned coupling scheme, where
j is quantized along the symmetry axis. In this coupling scheme, where the particle is
decoupled from the core, also called rotation alignment, the energy can be written as
EKI ≈ E + ~
2
2J0R(R + 1) (2.58)
causing the level spacings of the observed rotational band to be similar to those of an
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even-even core. The observed spins are therefore I=j,j+2,j+4, . . . for the so-called favoured
sequence and I=j+1,j+3,j+5,. . . for the unfavoured sequence, which is expected at higher
excitation energy compared to the favoured one.
In the odd Tl nuclei rotational bands associated with a strongly coupled πh9/2 with Ω=9/2
are observed. In contrast the low-Ω i13/2 rotational bands in the odd Hg isotopes corre-
spond to a rotation alignment. So the yrast rotational band in 194Tl is built on a coupling
of a deformation-aligned Ω=9/2, πh9/2 and a rotation aligned νi13/2. Such nucleon config-
urations are suitable for forming a system with chiral geometry.
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Figure 2.4. Nilsson plot for protons from ref. [Nil55; Mot55]. The labeling convention
is Ω[N,nz,λ] where N is the primary quantum number of the harmonic oscillator shell, nz
is the number of nodes in the wavefunction in the z direction and λ is the component of
the orbital angular momentum along the symmetry axis, λ = Ω ± 1
2
. Negative parity is
indicated by dashed lines while solid lines represent positive parity.
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Figure 2.5. Nilsson plot for neutrons from ref. [Nil55; Mot55]. The labeling convention is
Ω[N, nz, λ] where N is the primary quantum number of the harmonic oscillator, nz is the
number of nodes in the wavefunction in the z direction and λ is the component of the orbital
angular momentum along the symmetry axis, λ = Ω ± 1
2
. Negative parity is indicated by
dashed lines while solid lines represent positive parity.
 
 
 
 
Chapter 3
EXPERIMENTAL METHODS AND DETAILS
3.1 The Population of High-Spin States
The enduring tenacity in science is to investigate the behavior of physical systems under
extreme conditions. The most common and efficient method to produce nuclear systems at
high angular momentum is by using heavy-ion fusion-evaporation reactions [Mor63; Ste65].
Fusion reactions can produce several nuclei (reaction channels) depending on how many
light particles (p, n and α) are evaporated. In the past this type of reactions had limitations
on the number of nuclei which can be produced due to the necessity of having both a
stable beam and target. Thus, in these reactions access to neutron deficient nuclei, not
otherwise observable, was possible. However, unexplored, uncharted territories can now
be studied, with the employment of radioactive ion beams, many of which have been
developed, others are still under development. These are beams of unstable nuclei produced
in new generations of accelerator facilities that are opening up new horizons.
The idea that two nuclei may fuse to form an excited compound nucleus was first introduced
by N. Bohr in 1936 [Boh36]. This reaction mechanism involves the fusion of an incident
projectile nucleus with a target nucleus, resulting in the formation of a compound system.
In order for the fusion to occur, the projectile kinetic energy must be greater than the
Coulomb repulsion energy. This is commonly achieved using a Van de Graaff accelerator,
a linear accelerator, or a cyclotron. The Coulomb barrier that needs to be overcome, is
given by equation 3.1:
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VCB(R) =
1
4πǫ0
ZbZte
2
R
(3.1)
where Zb and Zt are the atomic numbers of the projectile and target nuclei, respectively, and
R is the distance between them, e is the charge of an electron and ǫ0 is the permittivity of
free space. Ideally, on collision, the beam and target nuclei fuse, creating a highly excited
compound nucleus. Since perfect head-on collisions are highly unlikely, the compound
nuclei are typically rotating rapidly, up to 2 × 1020 Hz. The amount of angular momentum
generated depends on the impact parameter, or how off center the two nuclei were at
collision. After the collision, the kinetic energy of the beam is distributed between the
nucleons in the compound nucleus. Particle evaporation is often the first step as the excited
nucleus attempts to relax toward its ground state. This process involves the ejection of one
or more nucleons, or possibly an alpha particle, from the nucleus and is an effective method
of reducing excitation energy. Each nucleon carries off 1-2 MeV of energy in addition to
its binding energy, ∼8 MeV, but relatively little angular momentum. Though particle
evaporation occurs rapidly after formation, within ∼ 10−19 s, it is slow relative to the time
required for the projectile to tranverse the target nucleus, 10−23s. This indicates that the
evaporated particles do not simply fly off on impact.
In a typical reaction, like in the case of 194Tl the 181Ta is bombarded with 18O ions, (the
actual reaction utilized in this thesis) which are accelerated up to about 8% of the speed
of light. If the two nuclei do fuse, they form a compound nucleus of 199Tl∗, which is hot
because of all the energy brought in, and it may be rotating at up to ∼2×1020 Hz. The
beam energy is 91-93 MeV (two beam energies were used for this experiment) and the
compound nucleus is formed at an excitation energy of ∼80 MeV.
The compound nucleus resembles a hot, charged, rotating liquid drop, and is highly un-
stable. After a relatively short period of time (∼10−19s) it decays rapidly, evaporating
particles to carry away heat. It is worth noting that a variety of particles may be evapo-
rated, the relative binding energies and the Coulomb barrier for charged particles dictating
which ones are favored. In fact, although protons, neutrons and α particles are all possible
to evaporate, the Coulomb barrier causes evaporation of charged particles to be greatly in-
hibited. Therefore, neutron evaporation dominates the decaying process of the compound
nucleus. An emitted neutron lowers considerably the excitation energy by its separation
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Figure 3.1. Schematic illustration of the final phases of a heavy-ion fusion-evaporation re-
action showing statistical transitions ’cooling’ the nucleus, collective rotational cascades
decelerating the angular rotation, and collective discrete transitions between lower-spin
near-yrast states that are resolvable with existing detection systems.
energy (∼8 MeV) plus its kinetic energy (∼1-2 MeV), but carries off little angular momen-
tum (on average ∼1~ ). This occurs because the particles face a centrifugal barrier, created
by the rapid rotation. Thus, particle evaporation leaves the nucleus cold but still spinning
with very high rotational frequency. Particle evaporation continues until the excitation
energy remaining in the system is within one neutron separation energy or less, above the
yrast1 line.
As particle emission is energetically unfavorable at this point, the compound nucleus de-
1The lowest energy state of a given angular momentum is called the yrast state. The sequence of all
yrast states is called the yrast line. From the Swedish word yr meaning “dizzy”; (yrast =“the dizziest”).
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excitation may now proceed by electromagnetic radiation. The nucleus begins to cool off,
first, through the emission of statistical γ rays, i.e. γ’s whose strengths are dictated by
random overlaps between the initial state wavefunction and states lying below them in
energy and close to them in spin (see Figure 3.1). These are predominately electric dipole
(E1) γ-ray transitions which remove excitation energy but little angular momentum. These
transitions produce the continuous high energy region of the spectra. In fact, in this region
the level density is extremely high and the γ-ray transitions are too weak and closely
spaced in energy, to be individually resolved. The result is a so called γ-ray continuum.
As the energy of the system approaches the yrast line (within ∼2-3 MeV of the yrast) the
level density decreases sufficiently, so that stretched quadrupole (E2) transitions dominate
and de-excite the nucleus (if it is deformed) through many collective bands. Energy is
dissipated in the process and, also, angular momentum. As the γ-ray emission proceeds,
the decay becomes concentrated into fewer near yrast sequences. Figure 3.1 illustrates this
process. The nucleus begins to approach its ground state ≈10−9 seconds after it is formed.
By the time the nucleus reaches its ground state it may have rotated 1011 times, i.e. only
one order of magnitude less than the number of rotations of the earth since its creation
[Eji89]. In the end, the cascades become so well separated, that we are actually able
to detect discrete transitions, using techniques described in the following sections. Since
nuclear γ-decay is dominated by dipole and quadrupole transitions, a 70 - 80~ angular
momentum is dissipated in the emission of a cascade of more than 35 γ rays. However,
even with modern detection system, very seldom do we detect more than a handful γ rays
per reaction. Coincidence information about these discrete γ-rays allows the reconstruction
of the de-excitation pathways and the construction of a level scheme (energy level diagram),
by using γ-γ matrices, γ-γ-γ cubes or even γ-γ-γ-γ hypercubes.
3.2 Reaction Choice and Characteristics
The feasibility of a particular experiment is a function of various parameters. When se-
lecting a reaction, we must choose a beam and a target that can be actually produced,
and are also stable. For the optimal reaction the cross-section2 into the channel of interest
2The probability of any nuclear process is often expressed in terms of a cross-section σ , and has the
dimensions of area. 10−24 cm2 is named a barn, and is the standard unit in expressing cross-sections. It
is abbreviated as the letter b.
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is highest and the overall reaction is clean. The accelerator must be able to handle the
beam and produce enough of it reliably, and at the correct energy, so that the total target
thickness can be kept to a minimum, thus reducing the spread in beam energy through
the target. For high-spin γ-ray spectroscopy experiments, the targets employed generally
consist of thin self-supporting foils. The target material within the foils must be isotropi-
cally enriched to a high purity, in excess of 95%, to reduce effects of contaminants which
may lead to unwanted reaction products. The melting point of the target material should
be preferentially large (> 500 K), however, target heating may be minimized by spreading
the beam spot over a larger target area with a slightly defocussed beam or rotating targets
[Ril84; Cul91].
Target thickness is a compromise between achieving high statistics in an experiment and
the best γ-ray energy resolution. Thicker targets (>1 mg/cm2 ) increase the number of
interactions between the beam and target particles leading to a higher event rate, and thus
better statistics. However, attenuation of the recoil velocity within the target Doppler
shifts the γ-ray energies and hence broadens the peaks in the observed spectrum (see
Section 3.9.3. The variation in the recoil velocity occurs when the compound nucleus slows
down within the target material. On the other hand, if the target is very thin (<0.5
mg/cm2 ), and the initial recoil velocity is v/c ≥ 1% the peaks are usually narrow, which
immediately implies good resolution, but then the event rate decreases. Quite often, to
improve statistics, we stack a few thin targets together. Between them there is a gap
to ensure that most of the compound nuclei will decay, whilst recoiling in the vacuum,
with the full recoil velocity. This results in a small variation in the velocity of the recoils,
and therefore, all γ-rays exhibit approximately the same Doppler energy shifts and can
be gainmatched accurately by Doppler correction. In our case we used a stack of 2 or 3
self-supported 181Ta foils as a target.
Since we study high-spin states, we wish to introduce a large amount of angular momentum
into the system, so a heavier beam is generally preferred over a lighter beam. That is,
since the beam is responsible for imparting the angular momentum, the heavier nucleus
at higher energy will produce the desired nucleus at higher angular momentum. In order
to determine the optimal beam energy, the computer code P.A.C.E [Gav79] (Projected
Angular momentum Coupled Evaporation) can be used. P.A.C.E employs a Monte Carlo
simulation to calculate predicted cross-sections and angular momenta for the reactions of
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Figure 3.2. PACE calculations for the 181Ta(18O,xn) reaction cross sections. In the present
experiment beam energy of 91 MeV was used to obtain large cross section at high angular
momentum to study 194Tl.
interest. Plot of P.A.C.E calculations, utilized in this thesis, for the 194Tl experiment is
displayed in Figure 3.2. Ultimately, a beam energy of 91 MeV was chosen to obtain a large
cross section of the 5-n channel.
3.3 Interactions of Gamma Rays with Matter
The degree of interaction of γ-radiation with matter depends upon the energy of the
radiation. There are three main mechanisms through which γ-rays interact with matter.
These are the photoelectric effect, Compton scattering and the pair production. All these
processes lead to the partial or complete transfer of the γ-ray photon energy to electron
energy. They result in sudden and abrupt changes in the γ-ray photon history, in that the
photon either disappears entirely (is absorbed) or is scattered through a significant angle
[Kno00]. The next subsections give a brief account of each of these processes.
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3.3.1 Photoelectric Absorption
In the photoelectric interaction an incident photon interacts with an atomic electron, which
absorbs most of the energy of the photon, and is subsequently ejected from the atom. The
electron has to be, of course, bound to the atom3. This process is shown in Figure 3.3. The
situation is analogous to the ordinary photoelectric effect with light, only in this case the
more energetic γ ray can eject one of the more tightly bound electrons near the nucleus,
especially in the inner K and L shells. The binding energies for the K-shell range from a
few keV for low-Z materials (i.e. for germanium is ≈11 keV), to tens of keV for materials
with higher atomic number (i.e ≈100 keV for uranium). The photoelectron, ejected from
one of these shells, has a kinetic energy Ee, given by the incident photon energy hν, minus
the binding energy of the electron Eb , in its original shell [Kno00; Del92]:
Figure 3.3. Schematic of the mechanism of the photoelectric absorption process.
Ee ≈ Eγ −Eb (3.2)
3Free electrons cannot absorb a photon and recoil. Energy and momentum cannot both be conserved
in such a process because a heavy atom is necessary to absorb the momentum at little cost in energy.
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The atom is left in an excited state with an excess energy of Eb and recovers its equilibrium
in one of two ways. The vacancy that is created in the electron shell, due to the photoelec-
tron emission, is quickly filled by a higher-energy electron from another shell of the atom,
resulting in the emission of an X-ray photon (X-ray fluorescence). Of course now a new
vacancy is created, which is going to be filled by an outer-shell electron leading to another
X-ray and so on, ultimately creating an X-ray cascade. An external free electron must also
be captured to replace the one which now fills the vacancy in one of the inner shells, and
hence return the atom to neutrality. The X-rays may travel some distance (typically a mil-
limeter or less) before being reabsorbed through secondary photoelectric interactions with
less tightly bound electron shells of the absorber atoms [Kno00; Del92; Gil95]. This way
the energy of the X-ray cascade is summed with the energy of the photoelectron cascade.
Alternatively, the atom may de-excite by the emission of outer shell electrons. These are
the so-called Auger electrons, which are roughly the analog of internal conversion electrons
when the excitation energy originates in the atom rather than in the nucleus. In this case,
the excitation energy of the atom (i.e. binding energy in our discussion) may be transfered
directly to one of the outer electrons, causing it to be ejected from the atom. No photons
are needed here as a medium to carry away this energy. Emission of such electrons occurs
chiefly for elements of low atomic number.
The photoelectric process is the predominant mode of interaction for γ rays (or X-rays)
of relatively low energy (∼10 - 200 keV), as it can be seen in Figure 3.4. The process is
also enhanced for absorber materials of high atomic number Z (such as lead). No single
analytic expression is valid for the probability of photoelectric absorption per atom over
all ranges of Eγ and Z , but roughly speaking it decreases rapidly as E
−3.5
γ and increases
rapidly as Zn , where the exponent n varies between 4 and 5 over the γ-ray energy region
of interest [Kno00]. Overall, the effect of photoelectric absorption is the liberation of a
photoelectron, which carries most of the γ-ray energy, together with one or more low-energy
electrons corresponding to absorption of the original binding energy of the photoelectron.
If nothing escapes from the detector, then the sum of the kinetic energies of the electrons
that are created must equal the original energy of the γ-ray photon and hence, a full energy
photopeak is observed in the spectrum.
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Figure 3.4. Variation of the total γ-ray attenuation coefficient and its components with
energy, for a Ge crystal. The photoelectric effect dominates only at low energies, whereas
the Compton scattering is present over a wide range of energies.
3.3.2 Compton Scattering
Compton scattering is a direct interaction of the γ-ray with an electron, transferring part
of the γ-ray energy. This process is illustrated in Figure 3.5. The energy imparted to the
recoil electron is given by the following equation:
Ee = Eγ − E ′γ (3.3)
or
Ee =
Eγ
1 + (Eγ/mc2)(1− cos θ) (3.4)
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Putting different values of θ into equation 3.4 provides a response function with energy.
Thus with θ = 0◦, i.e. scattering directly forward from the interaction point, Ee is found
to be 0 and no energy is transferred to the detector.
Figure 3.5. Schematic of the mechanism of the Compton scattering process.
At the other extreme when the gamma-ray is backscattered and θ = 180◦ the denominator
in the equation 3.4 is larger than 1 and so only a part of the γ-ray energy will be transferred
to the recoil electron. At intermediate scattering angles the amount of energy transferred
to the electron must be between those two extremes.
3.3.3 Pair Production
A process of pair production results from the interaction of the γ-ray with the atom as a
whole. This takes place within the Coulomb field of the nucleus resulting in the conversion
of γ-ray into an electron-positron pair as illustrated in Figure 3.6. In principle, pair pro-
duction can also occur under the influence of the field of an electron but the probability is
much lower, making it negligible as a consideration in γ spectrometry.
The electron and positron created share the excess γ-ray energy (i.e the energy in excess
of the combined electron-positron rest mass) equally, losing it to the detector medium
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Figure 3.6. Schematic of the mechanism of the pair production process.
as they are slowed down. When the energy of the positron is reduced to near thermal
energies it must inevitably meet an electron and the two will annihilate, releasing two 511
keV annihilation photons. This is likely to happen within 1 ns of creation of the pair and,
taking into consideration the fact that the charge collection time of typical detectors is
100 to 700 ns, the annihilation can be regarded as instanteneous with the pair production
event.
3.4 Detecting Nuclear Radiations
Emission of γ rays occurs in nuclear radioactive decays or post nuclear reactions. In nu-
clear physics the detection of the emitted γ-ray sequences provides essential information on
the nuclear levels. In order to be able to obtain high statistics and be able to distinguish
between γ rays that are close in energy a material used to detect γ rays must have high
efficiency and a high resolution, respectively. Many different materials can be used for
radiation detection. The choice depends on the experimental requirements such as timing,
energy resolution and types of radiation to be detected. More detailed information of al-
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most any type of radiation detector can be found in [Kno00]. In the following we discuss
germanium, silicon, bismuth germanate and cesium iodide detectors. Semi-conductor de-
tectors made of High-Purity Germanium (HPGe) crystals have excellent energy resolution
but low detection efficiency. On the other hand, scintillation detectors made of Sodium
Iodide (NaI) or Bismuth Germanate (Bi4Ge3O12) (BGO) have high efficiency but poor
energy resolution.
3.4.1 Scintillation Detectors
Solid detectors have high enough densities that give reasonable absorption probabilities for
detectors of reasonable size. To make a workable solid detector, however, we must satisfy
two contradictory criteria:
 The material must be able to support a large electric field, so that the electrons and
holes can be collected and formed into an electronic pulse.
 Electrons must be easily removed from atoms in large numbers by the radiation, and
the electrons and holes4 must be able to travel easily through the material.
The first condition supports the choice of an insulating material, while the second suggests
using a conductor. The obvious compromise is a semiconductor, and we consider such
devices in the next section. Bulk semiconducting materials in sizes large enough to make
useful radiation detectors (tens of cm3 ) did not become available until the late 1960s,
and to fill the need for nuclear spectroscopic devices of high efficiency5 and reasonable
resolution6 scintillation counters were developed during the 1950s [Kra88].
Scintillators can be either inorganic (crystals or glasses) or organic (solid crystals, plastics,
i.e. synthetic polymers, or liquids). Inorganic scintillators must be grown in a crystalline
4The electronic vacancy called a “hole“ is filled by successive electron transfers from one atom to the
next, so that the ”hole” appears to travel, and to get collected.
5The efficiency (relative) of a detector is defined as the number of counts in the 1332.5 keV peak from
a 60Co source placed 25-cm away, divided by the number of counts observed in a 76 mm×76 mm NaI(Tl)
crystal under the same conditions.
6The energy resolution of a detector is defined as the ratio of the full width at half maximum (FWHM)
to the mean or average pulse height (i.e. peak position in the observed spectrum). It actually reflects
the ability of the detector to distinguish between closely spaced energies of photons. Therefore, a good
resolution is related to sharp peaks with a small FWHM number.
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form and most of them must have small quantities of an activator (impurities) added
to perform efficiently. Organic scintillators suffer from neither of these restrictions, but
have their own peculiar disadvantages in the form of lower light output (the fraction of
the incident energy that appears as light) and poor suitability for γ-ray spectrometry
[Del92]. Scintillators work on the principle of converting the incident γ-ray energy into
light. Their operation is based on the band structure of crystals; the absorbed γ-energy is
used to promote an electron from the valence band into the conduction band. While in the
conduction band, electrons can de-excite back down to the valence band, but this process
is inefficient and not very common. Moreover, the photon would be of such a high energy,
that it would not appear in the visible light spectrum, making the light collection process
useless. In order to make the scintillation process possible, the material should not be a
perfect crystal of that element. Instead, impurities which activate the scintillation process
are added to the material. These impurities are called activators. The activator element
has its ground state and excited energy states within the energy gap of the scintillation
crystal (i.e. in between the valence and conduction bands). When the incident radiation
excites the electrons into the conduction band, it leaves a “hole” where the electron was.
This “hole” has an effective positive charge and it will move to an activator site and ionize
it, essentially creating another hole in the activator material. By creating this hole in the
activator, the electrons in the conduction band can fall into one of the excited states of
the activator, after which it can de-excite back to the ground state releasing light. If the
incident γ-ray energy is large enough, we can in certain cases, see this flash (scintillation )
of photons, visually. However, it is more practical to convert this burst of photons by means
of a photoelectric device, such as a photomultiplier tube (PM tube), into an electrical pulse.
In brief, the light strikes a photosensitive surface in the PM tube, releasing at most one
photoelectron per photon. These secondary electrons are then multiplied, accelerated, and
formed into the output pulse in the PM tube. The amplitude of this pulse is proportional to
the number of photoelectrons and hence to the energy of the incident radiation (linearity).
Consequently, we can perform spectrometry of γ-rays [Kra88]. NaI(Tl) (Thallium activated
Sodium Iodide) is one of the best scintillators. NaI(Tl) is an attractive material choice
because the high atomic number (Z = 53) of its iodine constituent assures that photoelectric
absorption will be a relatively important process. In addition, it has a good intrinsic
efficiency (∼13%), which results in an excellent light yield. NaI(Tl) is known as the most
efficient converter of radiation energy to visible light of all scintillators (intrinsic efficiency).
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That is, for every electron-hole pair originally formed, a photon is emitted as visible light.
In fact, this excellent light yield is the most notable property of NaI(Tl) and the highest of
any known scintillation material [Kno00; Del92]. There is an obvious advantage in γ-ray
detection in looking for scintillators with high atomic number Z, so that similar or higher
detection efficiencies may be obtained with the same scintillator size. A relatively new
material, Bi4Ge3O12 (Bismuth Germanate or else BGO) with a density ∼7 g/cm3, has
attracted attention primarily because of the high Z-value (83) of the bismuth leads to a
high photoelectric cross-section for γ rays. This material is mechanically and chemically
stable and compared to NaI(Tl) provides a total absorption cross-section (stopping power)
2.5 times higher at 1 MeV, which allows a BGO detector to be around one-sixteenth the
volume of a NaI(Tl) detector for the same total absorption efficiency. An array of BGO
detectors can, therefore, be more closely packed together than one composed of NaI(Tl)
detectors. The major drawback is that it has a lower light yield than NaI(Tl), which affects
its energy resolution. It is therefore of interest when the need for high γ-ray counting
efficiency outweighs considerations of energy resolution [Kno00; Del92].
3.4.2 Semiconductor Detectors
Solid semiconducting materials (germanium Ge and silicon Si) are alternatives to scintil-
lators for radiation detectors. Both Ge and Si form solid crystals in which the 4 valence
electrons form four covalent bonds with neighboring atoms. All valence electrons thus par-
ticipate in covalent bonds, and the band structure shows a filled valence band and an empty
conduction band. The difference between an insulator (i.e. NaI) and a semiconductor is
in the size of the energy gap, which is perhaps on average 5 eV in an insulator (∼7 eV for
NaI) and 1 eV (∼1.1 eV for Si and ∼0.7 eV for Ge) in a semiconductor. Even at room
temperature, a small number of electrons (perhaps 1 in 109 ) is thermally excited across
the gap and into the conduction band, leaving a valence-band vacancy known as a ”hole“.
While the electron from a neighboring atom fills the hole (creating in a process another
hole) the hole appears to migrate through the crystal [Kra88]. In pure semiconductors
there is an equal number of electrons and holes produced and the material is known as an
intrinsic semiconductor. Figure 3.7(i) shows that in a semiconductor, such as Ge, there is
a ”conduction“ band of energy levels located above a valence band. There is an energy gap
between these bands such that in a perfect7 semiconductor an electron cannot possess an
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energy which is within this gap. In practice, however, most semiconductors have deliber-
ately added impurities which considerably modify the carrier (electron-hole) densities from
those in intrinsic materials. These are called extrinsic semiconductors and are classified as
n-type, if they have impurities with an excess of electrons (donor impurities ), or p-type,
if they have impurities with an excess of holes (acceptor impurities ). Figure 3.7(ii) shows
an example of an n-type semiconductor, where the donors are located in levels lying in the
energy gap just below the conduction band.
Figure 3.7. (i) Energy band diagram for a perfect semiconductor, showing an empty
conduction band and a valence band full of electrons, as would be the case at temperature
of absolute zero. (ii) Energy band diagram for an n-type semiconductor, showing fully
ionized donors. (iii) Energy band diagram for a p-type semiconductor, showing fully ionized
acceptors.
These donors are usually atoms with 5-valence electrons (i.e. P, As, Sb), where the fifth
electron is free to move through the lattice and form the donor states. Alternatively,
Figure 3.7(iii) presents the case of a p-type semiconductor. In this case, the acceptors
lie in the energy gap just above the valence band; they are usually atoms with 3-valence
electrons (i.e B) in which attempts to form covalent bonds with four neighboring Ge atoms
in the crystal would produce an excess of holes.
When p-type and n-type materials are brought into contact, the electrons from the n-type
material can diffuse across the boundary between these two materials, called the junction,
into the p-type material and combine with the holes. This leads to a net positive charge in
the n-type material and a net negative charge in the p-type material. The resulting electric
7By perfect we mean that effects due to impurities, surfaces, and crystallographic defects are neglected
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field across the junction eventually stops further migration. At the same time, a region
is created at the junction, which is depleted of free charge carriers and is known as the
depletion region or layer [Kra88; Del92]. These detectors are operated with large reverse
bias voltages (1000-3000 V); i.e the p-type side is made more negative and the n-type
more positive. This has two effects: it increases the magnitude of the electric field in the
depletion region, making charge collection more efficient, and it increases the dimensions of
the depletion region (thereby increasing the sensitive volume of the detector) by repelling
more majority carriers8 away from the junction; that is, electrons in n-type and holes in
p-type find it difficult now to cross the junction and diffuse.
However, the situation is different for the minority carriers from either side of the junction,
which can drift through the electric field in the depletion region. Thus, the only current
present is that due to a few thermally-generated minority carriers on each side of junction;
holes in n-type and electrons in p-type produce a small reverse leakage current from n→p.
This current arises because the resistance of the material is not infinite. Leakage current
can also arise due to thermal generation of electron-hole pairs. As a result, a large leakage
current leads to a noisy detector, which increases the background in the observed spectrum
and is responsible for a poor detection performance. This is one reason why semiconductor
detectors are usually cooled down to liquid nitrogen temperatures (LN2 ) [Kra88]. Finally,
if radiation enters the depletion region and creates electron-hole pairs, then by applying
an electrical bias to the semiconductors crystal the pairs will be collected. Electrons flow
in one direction, holes in the other, and the total number of electrons collected can form
an electronic current pulse. This pulse, after integration with a charge sensitive pre-
amplifier, is proportional to the number of pairs and consequently to the incident γ-ray
energy [Kra88].
3.4.3 High-Purity Germanium (HPGe) Detectors
Germanium semiconductor detectors are mainly used for γ ray detection. A γ ray entering
the Ge crystal, which is the active part of a Ge semiconductor detector, may produce
electron-hole pairs during the three interaction processes described in the previous section.
8In the n-type material the excess of electrons is referred to as majority carriers and the small number
of holes, that also exists there, is called the minority carriers. The opposite applies for the p-type material.
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For Ge the average energy, ǫ, required to produce such a pair is small and constant at low
temperatures; Ge crystals in use are cooled down to liquid nitrogen (LN2) temperatures
(∼77 K). For Si, ǫ ∼3.8 eV at 77 K, while for Ge ǫ ∼3 eV which implies that Ge is
preferred over Si. Germanium also possesses a higher atomic number (Z =32), which
favors the photoelectric effect, compared to Si that has Z =14 [Kra88].
Figure 3.8. Illustration of a typical coaxial n-type HPGe detector and its crystal.
The main advantage of a Ge detector compared with a scintillation detector lies in its
higher intrinsic energy resolution. It is typically 2.0-2.5 keV for a 1.33 MeV (∼0.2%) γ ray
emitted from a 60Co source. The corresponding resolution of a NaI(Tl) typical scintilla-
tion detector, for the same mono-energetic γ ray, is around 100 keV (∼7-8%) and is ∼180
keV (∼12-15%) for a BGO scintillator [Cul91]. In recent years, crystal growth techniques
 
 
 
 
50
have improved considerably and it is now possible to grow hyper-pure Ge crystals with
impurity concentrations (≤1010 atoms/cm3). This remarkable process has led to detectors
with very large depletion regions, which have increased from a few millimeters in normal
Ge semiconductors to perhaps 25 mm in HPGe detectors. The result was the produc-
tion of large-volume detectors of high resolution, which is an important factor in γ-ray
spectroscopy. There are two types of HPGe detector, depending on whether the low level
impurity is a donor where (n-type), or an acceptor where (p-type). Most Ge detectors used
in γ-ray spectroscopy are coaxial n-type detectors. This type of detectors has a negative
bias contact (p+)9 on the surface of the crystal and a positive bias contact (n+) along
the central axis of the crystal (see Figure 3.8). Rather than having negative voltage, the
contact on the surface is usually grounded.
The n+ contacts are produced by implanting lithium (Li) on the surface of the Ge crystal,
whereas the p+ are produced by implanting boron (B)10. It is common for the p+ contact
to be 0.3 µm thick and the n+ contact to be 600-1000 µm thick.
The outer p+ contact does not attenuate incoming γ-rays because it is very thin. Actually,
it serves as a rectifying contact (injects holes), while the n+ contact is a blocking (nonin-
jecting) contact, in which there are very few holes. Since the outer contact is very thin,
the entrance window on the detector gives good low-energy efficiency. Finally, another
major advantage of an n-type HPGe detector is that it is less susceptible to neutron dam-
age. The neutrons can damage the structure of the Ge crystal by displacing individual Ge
atoms, thus creating vacancies at those lattice sites. These vacancies act as traps for the
electron-hole charge carriers and a low energy tail on the full-energy peak is observed in the
γ-ray spectra, due to incomplete charge collection. It is for these reasons that the standard
HPGe detector for in-beam spectroscopic studies is the coaxial n-type crystal. Nowadays,
Ge detectors are commonly available with an efficiency greater than 100%. This value
refers to the relative efficiency of the detector compared with the efficiency of a 76 mm×76
mm NaI(Tl) scintillation detector.
9The designation + conventionally refers to highly doped material.
10In a p-type these contacts are reversed.
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3.4.4 The Compton Suppression Spectrometer (CSS)
HPGe detectors suffer from a major limitation. When a γ-ray strikes a HPGe detector,
it can Compton scatter out of the Ge crystal, thus leading to a partial deposition of the
incident γ-ray energy in the detector. This implies that a monoenergetic γ ray produces
a spectrum consisting of a sharp photopeak and a continuum background at lower energy.
This Compton continuum introduces uncertainty into the strengths (intensities) of the
peaks and completely masks weak ones. Because this background is very much unwanted
in the data, we have to find a way to reject it.
One method of reducing the continuum from partial energy deposition is to collimate the
HPGe detector with a lead or hevimet (copper-tungsten alloy) collimator, so that the pri-
mary γ-ray interaction occurs near the center of the crystal. This increases the probability
that the scattered photon will undergo a secondary interaction in the outer volume of the
detector. However, the most attractive continuum reduction method involves surrounding
the Ge crystal with a scintillator to veto events in which γ-rays Compton scatter out of
the Ge crystal. Hence, by placing another detector (i.e. a so-called suppression shield)
around the HPGe crystal, the photons that are Compton scattered out of the Ge crystal
can now be detected, and therefore these “bad” events in the HPGe can be vetoed by
the electronics. Early Compton suppressors often used NaI veto scintillators because such
crystals were readily available. Recent research into alternative scintillation materials for
medical imaging has led to the development of BGO scintillators, which is currently the
standard material used over NaI. Figure 3.8 is a diagram of a modern detector consisting
of a HPGe detector surrounded axially by a Compton suppression shield. This shield is a
BGO scintillator detector. Each BGO scintillator element is viewed by an individual PM
tube.
The Ge crystal is cooled by a cold finger extending from the liquid nitrogen dewar. A lead
hevimet collimator is put in front of the BGO shield to prevent γ rays originating from
the target to interact directly with the BGO. We only want the BGO to give information
about γ rays scattered from the HPGe detector, not about γ rays coming directly from the
decaying nucleus. When setting up to perform a measurement, the experimentalist wishes
to measure the effectiveness of a Compton suppression shield. The method most commonly
used is to collect γ rays from a 60Co source and then calculate the peak-to-total (P/T)
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ratio. This is simply the ratio of the number of counts (“good events”) present in the two
photopeaks from the 60Co source (namely the 1173.2 and the 1332.5 keV peaks), to the
total number of counts collected. A stand alone HPGe detector may have a P/T ratio at the
level of ∼20%, where only 20% of the counts are in the photopeaks and the remaining 80%
are in the background. The P/T ratio can be improved to nearly ∼60% for a suppressed
detector, see Figure 3.9. This is very important, because in γ-γ coincidence experiments
the efficiency of ”good” γ-γ events varies as the square of the P/T ratio. This implies
that (P/T)2 raises from about ∼4%, without suppression, to ∼36%, with suppression.
The dramatic difference in the background between a suppressed and an unsuppressed
spectrometer can be easily observed, as Figure 3.9 shows in the case of a 60Co source.
Hence, arrays of Compton Suppressed HPGe detectors, with their dramatically improved
peak to background ratios, have the ability to allow the observation of weak signals, which
would otherwise be lost in the background.
3.5 Arrays of Compton suppressed HPGe detectors
The intrinsic energy resolution of a Ge crystal is typically ∆Eintrγ ≤ 0.002 for a 1.33 MeV γ-
ray which corresponds to FWHM≤2.7 keV. The real resolution in an in-beam experiment
when the residual nucleus recoil out of the target is sometimes influenced by Doppler
broadening. This process arises from factors such as:
 The opening angle of the crystal.
 The angular spread of the recoils coming out of the target.
 The difference in velocity of the recoils.
The energy resolution of the detectors at 90◦ is mostly affected by the first two effects,
and the third affects the detectors in the forward and backward directions relative to the
beam axis. The sensitivity of a detector array can be further improved by increasing the
background-reduction factor (resolving power), R, which is defined as
R =
SEγ
∆Eγ
P/T (3.5)
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Figure 3.9. Spectra from a 60Co source demonstrating the dramatic difference in the peak-
to-total ratio with the employment of Compton suppression. The Compton background is
greatly reduced and the 1173.2 and 1332.5 keV photopeaks height is emphasized with respect
to the background.
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where SEγ and ∆Eγ are the average energy separation of transitions in a cascade and the
energy resolution, respectively. SEγ depends on the nucleus produced and can therefore
not be changed but P/T can be improved by using a compton suppression shield.
In order to further improve the observation limit one can increase the total photopeak
efficiency, ǫp, by building an array of N detectors with total photopeak efficiency, ǫp, defined
as
ǫ = Nǫsinglep with ǫ
single
p = (P/T )ǫs (3.6)
where ǫs is the total efficiency of the individual detector and P/T is the peak-to-total ratio
of an escape-suppressed Ge detector.
The development of composite clover and cluster detectors helped to increase the total
photopeak efficiency by building detectors that contain several Ge crystals surrounded
by Compton suppression shields. If a γ-ray Compton scatters from one Ge crystal to the
neighbouring one, the two energies collected from the two crystals can be added. Using this
“add-back” procedure the efficiency of the detector can be increased significantly. Small
individual crystals built into the same cryostat with smaller opening angles reduce the
effect of Doppler broadening compared to the alternative solution of having one large Ge
crystal.
3.6 Experimental Apparatus
The experiments analyzed in this thesis were conducted using the AFRODITE γ-ray array
at iThemba LABS South Africa. What follows is a discription of this detection system.
3.6.1 The AFRODITE Spectrometer
The AFRODITE (African Omnipurpose Detector for Innovative Techniques and Experi-
ments) detector array [New98], located at the iThemba LABS, South Africa, consists of
two types of Germanium (Ge) detectors. The Low Energy Photon Spectrometer (LEPS)
detectors and the large volume escape suppressed Hyper Purity Germanium (HPGe) clover
detectors. The combination of these two types of detectors gives the unique capability of
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Figure 3.10. AFRODITE detector array showing the two kinds of detectors surrounding
the target chamber.
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detecting both high and low energy γ rays with a reasonably high efficiency. Figure 3.10
shows a photograph of the AFRODITE Spectrometer.
In this work, experiments were carried out with heavy ion beams delivered by the Sepa-
rated Sector Cyclotron (SSC) at iThemba LABS. This is a multidisciplinary facility which
provides particle beams used in radioisotope production, proton and neutron therapy and
basic nuclear physics research. The layout of the facility is shown in Figure 3.11. The ion
sources used are of proton rich plasma type and can provide both the polarized hydrogen
ions beam and a variety of heavy-ion beams. An 18O heavy ion beams were used in both
experiments of this work. The heavy ions from the ECR source are accelerated by a solid
pole injector (SPC2) to an energy of about 4.5 MeV before being injected into the sepa-
rated sector cyclotron where they are being accelerated to the desired beam energy of 91
MeV. The beam was then transported via the X and P beam lines and directed towards
the AFRODITE γ-ray array in the experimental vault F as depicted in Figure 3.11.
The two kinds of detectors surround the target chamber comprising a sphere divided into
18 square and 8 triangular facets, two of the square facets are used for beam transport,
while the remaining 16 can hold detectors. The array contains 9 clovers and 8 LEPS de-
tectors. Each clover detector is surrounded by a BGO (Bismuth Germanate, Bi4Ge3O12)
Compton suppression shield, which detects and rejects Compton scattered γ-rays from the
Ge crystals. A hit in a Ge crystal is only useful if all the energy of the incoming γ-ray
is deposited in the crystal. The use of Compton suppression shields reduces the back-
ground considerably thereby improving the peak-to-total ratio, P/T. The total photopeak
efficiency, ǫp, of the AFRODITE array is ∼1.8%.
3.7 The Basics of Nuclear Electronics
Nuclear electronics is a specialized branch of electronics devoted to the processing of elec-
trical signals from radiation detectors. Mostly, the signals take the form of charge or
voltage pulses, so nuclear electronics usually involve pulse electronics. A nucleonic sys-
tem, like other electronic systems, can be regarded as an assembly of separate units, each
performing a well-defined function. The system can be represented by means of a block
diagram in which the units are shown as labelled boxes interconnected by lines denoting
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Figure 3.11. A layout of the experimental facilities at iThemba LABS.
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signal pathways. A paradigm for the electronics setup of the AFRODITE γ-ray array is
displayed in Figure 3.12. Two types of pulses are present, analog (or linear) pulses and
logic pulses. Logic pulses are square pulses with the same amplitude. The information
in the analog pulses is represented in the shape and amplitude of the pulse, for instance
the amplitude is proportional to certain property, which may be the energy deposited by
the incident radiation. Thus, analog pulses are more informative but, because of their
varying size and shape, they are more difficult to process. Thus, their useful information
is digitized. The electronic signal from the HPGe detector goes first to a preamplifier (PA)
which is situated inside the detector, and converts the charge pulse to a voltage pulse (for
example by charging a capacitor) and then drives the pulse to the next element in the
circuit. The “energy” output signal is directed to a spectroscopy amplifier, which provides
the voltage gain to bring the millivolt PA pulse up to the range of a few volts where it can
be conveniently processed. Also, shaping and filtering is done at this stage, to improve the
signal-to-noise ratio. The amplifier must be linear, so that the proportionality of radiation
energy and pulse height can be preserved. The signal is then fed straight into an analog-
to-digital converter (ADC), which digitizes the pulse (i.e. converts the input voltage into
a binary number). This digital signal is required, for further analysis, by the data acqui-
sition computer (DAQ). Hence, this way we can obtain γ-ray energy information from an
unsuppressed detector. To apply Compton suppression electronically we need a second
“timing” output signal from the HPGe detector and, of course, the output from the BGO
shield. The signals from the HPGe detectors are shaped in timing filter amplifiers (TFAs).
The TFA is used to get a proper amplified pulse shape for precise timing measurements,
by integrating and differentiating the signals for a short period of time (200 ns integration
and 20 ns differentiation), depending on the noise level. Then the resulting pulses from
the Ge detectors and the signals from the BGO shield are passed into the constant frac-
tion discriminators (CFDs) which produce output logic pulses whenever the input pulse
heights exceed a certain amplitude, determined by the threshold setting. This threshold
is set to reject noise. The CFD technique compensates for variations in amplitudes of the
input signals, producing a logic output that is consistently related in time to the beginning
of each input signal. The logic inverse of the (NOT BGO) BGO pulse goes through an
AND logic unit with the OR of the Ge pulses. The output logic signal is non-zero only for
Compton suppressed events. This logic signal called “clean Ge” is then used to construct
a trigger, for instance to demand a coincidence of at least 2 Compton-suppressed clovers,
 
 
 
 
59
Figure 3.12. Schematic illustration of the AFRODITE electronic system.
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shown in Figure 3.12 as a box “Trigger logic N=2”. The trigger could be made more
complex, for instance one could demand coincidence of at least 3 out of 15 detectors (9
clovers and 6 LEPS), two of which are clovers. In order to do that a second trigger unit
is used, marked in Figure 3.12 as “Trigger logic N=3”. It produces logic signal when at
least 3 out of the 15 input signals (9 “clean Ge” signals from the 9 clover detectors and
6 signals from the 6 LEPS detectors) are in coincidence. Then the more complex trigger
condition is achieved by requiring an AND of the outputs of the two trigger modules. The
produced logic signal then goes to an AND logic unit with a RF pulse to ensure that the
registered event is detected when a beam packet hits the target. Such an event is then
called “good event”. When a “good event” is identified a logic signal called gate is send to
all ADCs, to prompt them to digitize the amplitude of the corresponding pulses, carrying
information about the energies of the registered γ-rays, and to send these data to the DAQ
(marked “to data room” on Figure 3.12). The logic pulse for “good event” is also used
as a start signal of the TDCs. Their stop signals come from the delayed output of the
CFDs of the Ge signals. The TDC digitizes the time between the start and stop signals
and sends it to the DAQ. The TDC data carries information about when (with respect to
the RF pulse) the γ was detected. The electronics used to process the clover and BGO
signals were compact electronics modules, produced specifically for clover detectors by the
RIS coorporation, USA. The LEPS signals were passed through standard NIM electronics,
including Selena ADCs and TDCs, ORTEC amplifiers and TFAs, etc.
3.8 Tools of Data Analysis
Every quantum mechanical system can be described theoretically by its Hamiltonian op-
erator. From this operator, the eigenfunctions and eigenvalues of the system can, at least
in theory, be deduced. This means that the nucleus is described by a model that can
be checked e.g. by experimentally measuring energy and other properties of the nuclear
states. In order to futher develop the models of the nucleus and to be able to understand
new phenomena, it is important to measure all characteristic features of the excited states
of the nucleus.
When the nucleus is created in an excited state, it de-excites by emitting a cascade of
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γ radiation. This cascade connects different states with each other. One of the most
important tools for studying excited states in nuclei, is to analize this radiation. The
energy of the γ rays, also called the transition energy, gives the energy separation between
the levels of the nucleus. With the widely used γ-γ coincidence technique, it is possible
to find out which γ rays belong to the same cascade (the same decay path). That, in
turn, makes it possible to determine the relative position of the energy levels, and how
they are interconnected by the γ-ray transitions. Using this method one can construct an
energy level diagram or level scheme of the nucleus. The deduced level scheme contains
a lot of interesting nuclear structure information. This can directly be used to refine the
nuclear models and to increase our undertanding of complex quantum mechanical many-
body systems.
During the experiment, the scientists inspect, monitor and control the data collection. In
this online analysis the quality of the data is inspected, and possible problems are identified
and solved. The AFRODITE experiments on 194Tl, reported in this thesis, had a trigger
requiring at least two (fold11 = 2) Compton suppressed γ rays to be detected in coincidence
(within 150 ns), for the event to be registered. The data were initially gained matched and
calibrated for the online monitoring.
After the completion of the experiment full analysis of the collected data was performed.
The data were written on 8 mm magnetic DLT tapes. Then the data were copied to disk
(i.e. hard drive of a PC) for oﬄine analysis while the tapes were kept for archival purposes.
The amount of data recorded on tapes, during a typical high-spin experiment like the one
reported in this thesis from AFRODITE, consists of ∼109 events which correspond to
hundreds of gigabytes of information. At this point, the data is not yet organized into an
analysis-friendly format and thus, the next logical step is to do so. This is achieved by
sorting the data via a MTSort software program, into specific structures, called matrices.
The RadWare [Rad95] software package was then used to examine these structures. But
before constructing the matrices preliminary data processing was performed.
11The number of γ rays detected, per event, is called the fold.
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3.9 Data Processing
The degree of complexity in signal and data processing in arrays such as AFRODITE is
prompted by the increase in number of detection elements and their various functionali-
ties. In the following subsections, various stages of signal processing circuit used in the
AFRODITE set up and sorting of raw-data and the analysis techniques will be discussed.
3.9.1 Gain Matching
The different detectors have different gains and for many detectors the gain is not stable
and fluctuating during several days of measurements due to instability of the electronics
with time. The first step in data processing is to treat this problem. The data are split into
sections (runs) with respect to time and spectra for each detector and run are generated.
Spectra for each detector from all runs are shifted to fall on top of each other and the
correction coefficients are extracted. This procedures are known as gain-matching and
gain drift correction. For each detector a set of gain matching coefficients and a set of
correction coefficients is produced and used to accurately gainmatch the energy spectra.
This is of particular importance for the Doppler Shift-Attenuation lifetime measurements
performed as part of this work.
3.9.2 Energy and Efficiency Calibration
The energy of the incident γ-rays are digitised in the Analog to Digital Converter (ADC)
[Leo94] inside a RIS module for each Ge crystal where the channel number is approximately
proportional to the energy of the incident ray. Usually, the gain of each detector is different
and there is offset. Therefore, the correlation between the channel and the energy has to
be established using known radioactive sources. Generally, the detectors are calibrated
before and after the experiment. For that purpose, standard sources such as 152Eu and
133Ba (for low energy) are used. The area and the peak positions (in channel numbers) are
determined for each detector and compared to the known energies of the γ rays for each
source. The energies are plotted against the channel numbers and fitted using a polynomial
fit of the form
 
 
 
 
63
N.E =
k∑
n=1
(a+ bnx
n), (3.7)
where E is the energy in keV, x is the channel number and N is a chosen coefficient
describing the final gain. Usually N=2 is chosen, corresponding to a gain of 2 channels per
keV. We have used N=3 for the thin target 194Tl data, keeping the gain to 3 channels per
keV, which helped to distinguish between γ rays with close energies. Usually, a quadratic
fit in equation 3.7 is sufficient with a very small coefficient b2.
To measure the relative intensities of the observed γ rays, it is necessary to determine
the efficiency of the detectors as a function of energy. This can be achieved by using the
radioactive sources where the relative intensities of the emitted γ rays are well known and
by fitting the data points using the following parametrisation [Rad95]
ln(ǫ) = [(A+Bx+ Cx2)−G + (D + Ey + Fy2)−G]−1/G (3.8)
where ǫ is the efficiency, x = ln( Eγ
100
) and y = ln( Eγ
1000
). The γ-ray energy Eγ is in keV.
A,B and C are the fit parameters for the low-energy region and D,E and F are the fit
parameters for the high-energy region. The G parameter determines the shape of the
turn-over region between the high- and low-energy efficiency curves. To achieve a good
efficiency calibration, the calibration source is mounted at the position of the target, and
the same set-up configuration as during the experiment is used.
3.9.3 Doppler-Shift Correction
A HPGe crystal has an intrinsic resolution of ∼ 2 - 2.5 keV for 1332 keV γ-rays. The
perfomance of γ-ray spectrometers is often limited by the Doppler broadening of the lines
due to the fact that photons are emitted while the recoiling nucleus is in-flight. If the
nucleus of interest recoils out of the target with a velocity v, its energy Es is Doppler
shifted when measured in a detector at angle θ with respect to the recoil velocity direction.
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Figure 3.13. Schematic diagram illustrating the effect of finite opening for a detector
causing Doppler broadening of the gamma-ray lineshape.
Es(θ) = E0
√
1− v
c
1− v
c
cosθ
≈ E0(1 + v
c
cosθ) (3.9)
Since the germanium detector measuring the γ-ray energy has a finite opening angle θ±∆θ,
there will be a spread in the Doppler shifted energy.
If the opening angle of the detector is ∆θ, then differentiating equation 3.9 gives,
dEs
dθ
≈ ∆Es
∆θ
≈ E0 v
c
sinθ (3.10)
The full expression, including broadening due to velocity spread can be approximated by
∆Es ≈ E0cosθ∆v
c
− E0v
c
sinθ∆θ (3.11)
For the AFRODITE array ∆θ = 5◦. For our experiment v
c
≤ 0.8 %, which resulted in
negligible Doppler broadening of the peaks.
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Figure 3.14. Schematic drawing of a clover detector. The four crystals are labelled A, B,
C and D to explain the add-back procedure.
3.9.4 Add-Back
A great advantage of the composite detectors is the enhancement of the peak-to-total ratio
P/T by applying an add-back procedure. If a γ ray is scattered from one crystal into a
neighbouring one, the two registered energies can be added to obtain the full energy. There
is no denite rule for the add-back procedure, and several scenarios may be used based on
probability concepts.
A schematic drawing of a clover detector is shown in Figure 3.14 in order to illustrate the
add-back criteria:
 Signals from two neighbouring segments (horizontally or vertically) are added, e.g.
AB or AC.
 Hits in two diagonal segments, e.g. AD, are discarded, because they probably do not
originate from the same γ ray.
 Triple hits, e.g. ABD, are rejected, because most likely they were not generated by
one incident γ ray.
 The angle θ needed for the Doppler correction of the γ ray energy is assumed to be
the average of the two angles of the two added γ rays.
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3.9.5 Time Gate
When only the prompt γ-ray sequences are of interest in high-spin spectroscopy, a time
gate is often set on the prompt coincidence peak to discard all the ”slow“ γ rays originating
from levels under isomeric states. The prompt time gate also reduces the number of random
coincidences. Before setting a time gate, the time peaks of all detectors have to be aligned
at the same position to correct for small differences in cable length and electronic timing.
3.10 Gamma coincidence analysis
3.10.1 Gamma-gamma matrix
An experimental technique, particularly useful for the studies of the γ-ray correlations,
consists of registering coincidences between γ quanta with the help of at least two detectors.
A convenient means of representing the results of such a coincidence experiment is to
plot the number of coincidences versus Eγ1, and simultaneously versus Eγ2, which are
the energies of the coincident γ1 and γ2 quanta, respectively, registered by two of the
detectors. Such a two-dimensional plot is referred to as a matrix or two dimensional
matrix. Figure 3.15 displays a matrix for the hypothetical situation that all registered γ
rays belong to only four rotational bands with constant moments of inertia, that is the
nucleus rotates as a perfect rigid rotor. The matrix is created in such a way that the events
that are stored in the coordinates (X,Y ) are also stored in (Y ,X). Because of this, the
matrix is symmetrized with respect to the diagonal. The two coordinates of the matrix
represent the γ-ray energies of the 2 coincident γ rays. Each point in the matrix shows
the number of (z axis) measured coincidence events between two detectors, one registering
Eγ1 of a particular cascade and the other Eγ2 of the same cascade (Eγ1 6= Eγ2 for a perfect
rotor). The matrix exhibits a very regular structure of intensity points (ridges), which
can be easily understood. The diagonal (Eγ1 = Eγ2) is free of counts (valley), since a
given γ quantum cannot be in coincidence with itself. The first ridges on each side of the
diagonal correspond to adjacent transitions in all participating cascades, the next ridges to
transitions further apart and so on. The distances between adjacent ridges thus correspond
to the difference of the energies of the adjacent γ rays in the cascades (∆Eγ), while the
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width of the valley is twice as large. By selecting a narrow window around a peak, often
called a gate, for instance on the x-axis, and projecting out (frequently called slicing)
the one dimensional γ-ray spectrum on the remaining y-axis, a coincidence spectrum is
obtained. As a pedagogical paradigm, Figure 3.15 shows a gate placed at a γ-ray energy
E1, on the x-axis (blue peak). Moving vertically up, along the slice, various γ rays in
coincidence with E1 are found (red circles). Projecting these coincidence events along the
y-axis, produces a spectrum of γ rays (red peaks), that are all in coincidence with E1, and
therefore it is very likely that they all belong in the same rotational band (cascade 1).
Atomic nuclei do not, in general, resemble perfect rotors, and thus in more realistic con-
siderations one has to expect deviations from the simple pattern of Figure 3.15.
3.10.2 Fundamental Techniques of Level Scheme Construction
Once a matrix, cube or hypercube are built, the level scheme analysis can proceed. The
codes ESCL8R (for matrices), LEVIT8R (for cubes) and 4DG8R (for hypercubes), designed
by D.C.Radford [Rad95], can be used to analyze the data. The ESCL8R code was used in
this analysis.
In order to build up the level scheme, the de-excitations of the nucleus must in some
way be related to each other. This can be done by systematically choosing each of the
observed peaks as a gate, and analizing what transitions appear in the same cascade as this
transition. This method yields a number of conditions that have to be fulfilled in the final
level scheme. If another nucleus happens to decay during the same time gate, transitions
may appear to be in coincidence although they are really not. These events are called
random coincidences and give an unwanted background.
The purpose of this work was to construct complete level scheme of the investigated nucleus
of 194Tl. After the data have been sorted into a matrix, the coincidence relations between
the observed γ rays were analysed.
The multi-detector array AFRODITE provides two and higher-fold coincidence data which
is most suitable for sorting matrices. The higher-fold events were decomposed into 2-fold
sub-events and these sub-events were counted in the matrix.
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Figure 3.15. A model for an Eγ1-Eγ2 matrix, as a coincidence pattern for four cascades
with constant moment of inertia. The simple case of an ideal rotor is depicted. The
distance between the inner ridges along the 45◦ valley (diagonal) is 16A (A is a constant,
equal to
~
2
2Jrig. and related to the moment of inertia). The vertical, green in color, slice
on the x-axis, is a gate for γ-ray energy equal to E1 (blue peak). Projecting this slice onto
the remaining y-axis reveals all the γ rays in coincidence with E1, indicated by red color,
from E2 to E8. Since E1 cannot be in coincidence with itself, the main diagonal contains
no counts. Taken from [Pip06].
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Figure 3.16. Example of a level scheme to demonstrate the coincidence method.
To clarify the essential idea of the coincidence method, a simple level scheme is drawn in
Figure 3.16. For example by setting a single gate on the γ4 line, the transitions γ5 , γ6 , γ7
, γ3 and γ10 appear in the coincidence spectrum. If a double gate is set on the γ1 and γ2
lines, only γ3 is in coincidence, and if a double gate set on the γ1 and γ5 then the γ9 and
γ6 transitions are in coincidence.
3.11 Spin and Parity Assignment
After the construction of the level scheme from the coincidence and intensity information,
the next step is to determine the γ-ray multipolarities which are related to the spin val-
ues and parities of the relevant levels. This can be achieved by analysing the angular
distributions and linear polarisations of the emitted γ rays.
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Figure 3.17. Angular distribution for I→I - 1 dipole transition (solid line) and I→I - 2
quadrupole transition (dashed line). θ = 0◦ corresponds to the positive x-axis
3.11.1 Angular distribution and angular distribution ratios
In fusion-evaporation reactions the compound nucleus is formed in a state with its angular
momentum vector perpendicular to the axis defined by the direction of the beam. The
subsequent evaporation of particles causes some smearing of the direction of the align-
ment, but even so the nucleus retains a high degree of orientation for times of the order of
nanoseconds. When a nucleus in such a state emits γ-radiation, the relative intensities at
different angles with respect to the beam-axis depend on the multipolarity of the transi-
tion. Figure 3.17 shows the intensity distributions W(θ) for stretched dipole and stretched
quadrupole transitions as a function of the angle, θ, with respect to the beam direction.
The γ-ray intensity distributions at a given angle are given by,
W (θ) =
∑
ℓ=even
AℓPℓ(cos θ)
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where Aℓ are the angular distribution coefficients Pℓ(cos θ) are the Legendre polynomials.
P0(cos θ) = 1, P2(cos θ) =
1
2
(3 cos2 θ−1), P4(cos θ) = 1
8
(35 cos4 θ−30 cos2 θ+3) (3.12)
The different angular distributions for pure stretched quadrupole and dipole radiations
shown in Figure 3.17, allow multipoles to be distinguished by examining the relative γ-ray
intensities as a function of the angle.
There is an alternative method using angular distribution ratios. The AFRODITE array
comprises 4 clovers at 135◦ and 4 clovers at 90◦. This makes the array approximately
symmetric with respect to angular distribution effects. Thus a gate set on all detectors is
isotropic. Therefore the angular distribution ratio
RAD=
Iγ2(135
◦) gated on γ1 in all detectors
Iγ2(90◦) gated on γ1 in all detectors
is equal to the ratio of the angular distributions at 135◦, and 90◦, RAD =
W (135◦)
W (90◦)
. Since
the efficiency of the 4 clovers at 135◦ is approximately the same as the efficiency of the 4
clovers at 90◦ RAD =
Aγ2(135
◦) gated on γ1
Aγ2(90
◦) gated on γ1
, where Aγ2 stands for the area of the peak
of γ2. Assuming σ/I=0.3 the theoretical A2 and A4 angular distribution coefficients are
attenuated by α2=0.75 and α4=0.4 respectively, and the theoretical angular distribution
ratios are RAD=0.85 for pure stretched dipole and RAD=1.35 for stretched quadrupole
transitions. These values agree well with the experimental measurements.
3.12 Determination of γ Ray Intensities
Gamma-ray intensities can be used to support arguments, in addition to the coincidence
analysis, for the arragement and the ordering of γ rays in the level scheme and most im-
portantly they are needed for calculating transition probabilities. The number and type
of detectors used in multi-detector arrays affect the intensity determination. To determine
the intensity from a coincidence spectrum, a γ-γ matrix from the clover data is sorted.
Then a single-gated spectrum is produced. The relative intensities of the transitions above
the gate are then determined using Iγi=
Aγi
ǫγi
where ǫγi is the γ ray efficiency at the measured
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Figure 3.18. Schematic illustration of the typical above gating procedure for determining
the intensity of the transition.
energy. All intensities are normalized with respect to the intensity of a chosen transition, in
this case Iγ(278.2)=100. The errors include the uncertainty of the fit and the background
subtraction.
It should be noted that to observe the full intensity of the γ ray of interest one should gate
from below. It is sometimes possible to measure intensities from a gate above the transi-
tion of interest. Assume that the true intensity of the transition E0 is already measured as
I0, and the intensity of E1 is to be determined (see Figure 3.18). The intensities of these
transitions can then be measured in a spectrum gated on Eg, as I0g and I1g respectively.
The true intensity of E1 is then I1=I0.
I1g
I0g
.
It is worth mentioning that in the case of 194Tl some of the transitions do not de-excite
completely towards the 8− isomeric level (in particular transitions in Bands 2 and 5, see
Figure 4.1). Thus, additional normalization to deduce the full intensities of these tran-
sitions was made. First all relative intensities of the transitions in Bands 2 and 5 were
established. In order to account for the intensity flowing out through the structures A, B
and C, a common normalizing coefficient for Bands 2 and 5 transition was derived from
the relative intensities of a few strong and clean transitions in Band 2 with respect to
transitions in Band 1 in the total projection spectrum.
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3.13 Linear Polarisation Analysis
Linear-polarisation measurements of γ rays were made to determine the parity of the tran-
sitions. The clover detectors of the AFRODITE spectrometer were used for this purpose.
The reference plane of each γ ray is defined by the beam axis and by the emission direction
of the γ ray. Compton-scattered events in neighbouring pairs of Ge crystals of the clover
detectors, scattered horizontally (within the reference plane, parallel to the beam direction)
and vertically (orthogonal to the reference plane) were analysed separately. Two Eγ - Eγ
matrices were created with either horizontally or vertically scattered γ rays incremented
on one axis and γ rays from all the detectors on the other axis. The linear polarisation
asymmetry ratio,
A(Eγ) =
Iv(Eγ)− Ih(Eγ)
Iv(Eγ) + Ih(Eγ)
, (3.13)
is obtained by setting gates on γ-ray transitions in the two matrices on the axes of all de-
tectors. Here, Iv and Ih are the intensities of vertically and horizontally scattered γ rays of
energy Eγ , respectively. The linear polarisation, P, can be calculated from this asymmetry
ratio by P = A(Eγ)
Q(Eγ)
, where Q(Eγ) is the polarisation sensitivity of the polarimeter, i.e. the
clover detectors in our experiments. For point-like detectors this quantity can be calculated
using the Klein-Nishina formula. For finite crystal-size detectors it is obtained by introduc-
ing a scaling factor to that for point-like detectors [Duc99]. The polarisation asymmetry for
pure stretched magnetic transitions is negative, whereas for stretched electric transitions
it is positive.
3.14 Lifetime Measurements of Excited States
The nuclear deformation can be compared to theoretical model calculations to test the
agreement between theory and experiment. Nuclear deformations cannot be measured
directly but can be deduced from the quadrupole moment, which describes the nuclear
charge distribution. The nuclear moments are given by
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Qλµ = (
16π
2λ+ 1
)1/2〈f |M(λµ)|i〉. (3.14)
They are called static moments when i = f and transition moments if i 6= f . The intrinsic
quadrupole moment Q0 = 0 in case of spherical shape, Q0 > 0 for a prolate shape (cigar-like
shape) and Q0 < 0 for oblate shape (disc or pancake shape). By measuring the lifetime,
τ , the intrinsic transition quadrupole moment can be deduced which is related to the
quadrupole deformation. For axially symmetric nuclear shape the quadrupole deformation
ǫ2 can be obtained from Q0 as:
Q0 = Q20 =
4
5
Zr20A
2/3(ǫ2 + 0.5ǫ
2
2), (3.15)
where the higher-order terms are neglected.
Measured Transition Strengths
The ratio of transition strength B(λ; L) of M1 and E2 transitions de-exciting a level of
a rotational band is commonly described through the ratio B(M1;I→ I-1)/B(E2; I→ I-2).
This ratio gives structural information, without the difficulty of measuring the individual
transition strength values. The experimentally measured ratio is defined as
B(M1; I → I − 1)
B(E2; I → I − 2) = 0.697
1
1 + δ2E2/M1
Iγ(∆I = 1)
Iγ(∆I = 2)
E5γ(∆I = 2)
E3γ(∆I = 1)
(µN/eb)
2 (3.16)
where Iγ is the intensity of the transition with energy Eγ in MeV, and δ
2
E2/M1 is the E2/M1
mixing ratio for the ∆I=1 transition. The individual B(M1) and B(E2) values may be
found experimentally, through lifetime measurements.
The deduction of lifetimes in nuclear structure is important for a number of reasons. The
lifetime of the nuclear state τ is related to its intrinsic width by the Heisenburg uncertainty
principle such that
Γτ ≥ ~ (3.17)
The decay probability is proportional to the intrinsic energy width Γ and depends on the
matrix element between the initial and final states and the operator which governs the
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Transition probability per unit second
T(E1)= 1.587 x 1015 E3γB(E1)
T(E2)= 1.223 x 109 E5γB(E2)
T(E3)= 5.698 x 102 E7γB(E3)
T(M1)= 1.779 x 1013 E3γB(M1)
T(M2)=1.371 x 107 E5γB(M2)
T(M3)= 6.387 x E7γB(M3)
Table 3.1. Transition probabilities per unit second for different possible transitions
decay between them, such that
Γα|< φf |M |φi >|2 (3.18)
where M is the operator for the decay and φf and φi are the wavefunctions of the initial
and final states respectively. The lifetime of the decay thus reveals information on the
nature of the states. By measuring the lifetime of a nuclear state, one is really measuring
the decay probability from one quantum state to another. For electromagnetic decays, the
transitions probability from a state Ji to a state Jf summed over all possible magnetic
substates by a transition of energy Eγ is given by [Boh75]
Tfi(λL) =
8π(L+ 1)
~L((2L+ 1)!!)2
(
Eγ
~c
)2L+1B(λL : Ji → Jf) (3.19)
where B(λL : Ji → Jf) is called the reduced matrix element. Measuring the lifetime (decay
probability) of a nuclear state thus gives a value for the B(λL : Ji → Jf). For lifetimes τ
in units of seconds, where the transition probability is per unit second, T = 1
τ
, and Eγ is in
MeV, the units of B(Eλ) are e2fm2λ while the units of B(Mλ) are (e~2/Mc)2(fm)2λ−2. Due
to the large range of the lifetimes of nuclear states, different techniques must be employed
in order to measure τ .
3.15 Doppler-Shift Attenuation Method
The lifetimes of γ decaying nuclear states can be measured with several experimental
techniques. The choice depends on the range of lifetimes to be measured. In the time
range of about 10−12 to 10−15 seconds the Doppler-Shift Attenuation Method (DSAM) is
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used to measure mean lifetimes of excited states. The Doppler shifted γ-ray energy emitted
by a nucleus moving with a velocity v is expressed as:
Eγ(θ, t) = E
0
γ
[1 + β(t)cosθ]
[1− β2(t)] 12 (3.20)
where β(t)=v(t)/c is the ratio of the nucleus velocity to the speed of light. E0γ is the γ-ray
energy emitted when the nucleus is at rest and θ is the angle between the detector and
the beam. Depending on the beam energy, nuclei typically recoil with velocities of β(t)=
0.01 - 0.05 in fusion-evaporation reactions. If β(t)≪1, as is the case for many heavy ion
induced reactions, equation 3.20 can be simplified to:
Eγ(θ, t) = E
0
γ [1 + β(t)cosθ] (3.21)
The experimental arrangement used for DSAM measurements consists of either a thick
target or a thin target evaporated onto a suitable backing material with high Z (stopping
material). Detectors are mounted around the target at various angles to detect γ rays
emitted by the recoiling nuclei as shown in Figure 3.19.
The energetic and excited nuclei recoil through the target and/or backing material and
slow down due to interactions with the stopping material. The slowing down process
usually takes of the order of ∼10−12 seconds. The DSAM compares the decay time of the
recoiling nuclei with their slowing-down time in the target and backing material. Therefore,
depending on when during the slowing down process a γ ray is emitted, the electromagnetic
wave will be more or less Doppler shifted. The largest shift is detected when the nuclei
decay before any significant slowing occurs in the stopping material. No Doppler shift
is observed when the nuclei are at rest at the time of decay. The radiation detectors
will detect different directions of the Doppler-shifts depending on whether the detector is
mounted in a forward or in a backward position with respect to the beam. A schematic
of evolving Doppler-shifts as the nuclei slow down in the stopping material is shown in
Figure 3.20 for a forward mounted detector.
In contrast to sharp γ lines emitted from nuclei at rest no sharp peaks are observed when
the γ-rays are emitted by nuclei with certain spread in the recoil velocity. Then a broad
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Figure 3.19. Schematic of an experimental setup typically used in a DSAM experiment.
The target material is evaporated onto a thick backing material of high Z. The drawing is
not to scale
continuous distribution of γ-ray energies is observed as seen in Figure 3.20. The distribu-
tion depends primarily on the stopping power of the stopping material and the lifetime
and feeding history of the decaying state. The stopping power provides the calibration
for the experimental clock against which the mean lifetime of the decaying state is mea-
sured. Therefore, the accuracy of lifetime measurements using the DSAM is limited by the
accuracy of stopping power tabulations and parameterization.
3.16 DSAM Lifetime Measurements in 194Tl
The details of the DSAM analysis depend on the reaction used to populate the levels
of interest. If the recoil velocities are very low, such that the Doppler shifts of the de-
exciting γ rays are much smaller than the energy resolution of the detector, one can only
measure a shift of the average energy of the γ rays (the centroid method). If the Doppler
shifts are comparable to or larger than the resolution, then one can determine the lifetimes
by analyzing the Doppler broadened line shapes of the γ rays. Important ingredients in
such an analysis are the reaction kinematics, the de-excitation process of the nucleus, the
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Figure 3.20. Schematic of changing Doppler-shifts and lifetimes for a detector mounted
at a forward angle with respect to the beam axis.
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slowing-down of the recoils in the target material, and the geometry of the experimental
setup.
The nuclear reaction used also determines which nuclear levels can be observed. Heavy-
ion-induced fusion-evaporation reactions (HI, xnypzαγ) strongly populate high-spin states
along the yrast line and, with a reasonable intensity, also some yrare structures. At the
other limit, reactions of the type (p, nγ) or (n, n′γ) populate nonselectively low-spin states.
The (α, n) reaction is a special case that populates with reasonable intensity low- and
medium-spin states, both yrast and nonyrast but produces a relatively low recoil velocity
(typically v/c≈0.3%). In the present work a heavy ion fusion-evaporation reaction was
employed to produce the nuclei of interset. In the next sections the design of the exper-
iment, the software package used to analyze the data and some of the critical aspects of
the codes as applied for the 194Tl data are presented.
3.16.1 DSAM software codes
The software codes for performing DSAM analysis that were used in this work were devel-
oped about 30 years ago [Lem85], and so far they have been applied for lifetime measure-
ment in many nuclei [Lem85; Sre01; Lie04; Gro06; Pas08; Lie11]. In 2007 the codes were
first used with data from the AFRODITE array [Lie09]. The basic codes in this software
package are the Monte Carlo codes COMPA, GAMMA and SHAPE. The codes perform
the following tasks:
 The kinematical spread of the recoils produced in the reaction is calculated on the
basis of a statistical model taking into account the evaporation of light particles from
the compound nucleus.
 The slowing-down and multiple scattering of the recoils in the backed target is cal-
culated for the (several) stopping layers using the Monte Carlo approach.
 The Doppler broadening is calculated depending on the geometry of the array, and
the position of the γ-ray detectors and their solid angles.
 Side-feeding cascades from each entry state to each level of interest are calculated
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using a Monte Carlo simulation. The number of levels and branches taken into
account in the cascade feeding is not limited.
 The dependence of the Doppler broadening on the type of gating, i.e. gate from
below, above, narrow gate on transition below, etc can be taken into account.
 Up to 7 lines (Doppler-broadened or not) can be fitted simultinously to deduce life-
times.
The distribution of the initial recoil velocities V0 and their direction angles θ0 with respect
to the beam direction are calculated by the code COMPA. The calculation starts with the
simulation of the slowing-down of the projectiles of given bombarding energy in the target,
takes into account the dependence of the reaction cross-section on the projectile energy, and
calculates the velocity V0, the direction θ0, and the position of the compound nucleus within
the target as well as its angular momentum and excitation energy. Subsequently, the light-
particle emission is simulated, taking into account the fission barrier and the competition
with statistical γ-ray transitions. The output file of the code COMPA contains an array
with the parameters of typically 100000 recoiling final nuclei.
The code GAMMA simulates the slowing-down and the multiple scattering of each recoil
when it moves through the target and stopper materials, the emission of γ-cascades from
the entry state point, and the Doppler shifts of the energies of the detected γ-rays. It utilizes
the output of the code COMPA and has additional input parameters. The Doppler shifts of
the energies of the registered γ-quanta are simulated simultaneously in all detectors (taking
into account the detectors sizes, geometries and positions θj). The program simulates a
side feeding cascade and a cascade of direct transitions feeding the nuclear state of interest.
Information about the direct cascade (such as the relative transition intensity and lifetimes
of nuclear states) is supplied as input parameters. Then the Doppler shift is calculated
assuiming 20 possible values for the lifetime of the state of interest, typically in the range
of 0.01 to 10 ps. The relative Doppler shift y = ∆E/E is sorted in a spectrum of forty
channels ranging from y = −ν0max/c to y = +ν0max/c for each pair of θj and τi values.
The software allows taking into account different gating conditions, e.g. gates placed on
a transition below the transition of interest, above the transition of interest, etc. In the
simplest case of a gate on a transition below the transition of interest all recoil histories
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populating the state of interest are considered if the calculated posible Doppler shifted
energy of the gated transition falls within the limits of the gate. The results of the code
GAMMA are stored in an output file containing 20 forty-channel spectra I(y, τi) for each
detector ring at θj . This array allows for a lineshape analysis for any γ-ray energy.
Figure 3.21. Entry state population distribution for the 181Ta(18O, 5n) reaction channel
and one simulated decay path from the entry state, indicated by a circle, to the ground
state. The discrete levels observed in 194Tl are also shown.
The code SHAPE is intended to fit the experimental lineshapes and to extract the lifetime
of the nuclear state of interest. The spectra I(y, τi) for each detector ring at θj , generated
by the code GAMMA, are transformed into a set of 20 theoretical lineshapes I(Eγ , τi)
for each value of θj . These lineshapes are calculated for the γ-ray energy Eγ of interest
taking into account the response function of the detector system (instrumental lineshape).
In this way the theoretical lineshape for any value of τ can be determined by a simple
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interpolation procedure using the theoretical lineshapes I(Eγ , τi). The lifetime value of
the investigated level is then found by a χ2 fit of the difference between the experimental
γ-ray lineshapes and the theoretical lineshapes. In case of a single peak, the code SHAPE
performs a least-square fit with respect to the lifetime, the peak position and the peak area
as variables. For two and more overlapping peaks, a simultaneous analysis is possible using
lifetimes, positions and relative areas as variables. Up to seven overlapping peaks which
may have Doppler broadened or instrumental lineshapes can be fitted simultaneously. For
each Doppler broadened γ-ray peak a separate set of input theoretical lineshape I(Eγ , τi)
has to be calculated with the code GAMMA. If a contamination line with Doppler broad-
ening resulting from another reaction channel is present, the appropriate recoil kinematics
and entry state population distribution for this channel has to be calculated with the code
COMPA.
3.16.2 Details about the application of the DSAM codes with
Tl data
3.16.3 The application of COMPA
The code COMPA simulates both the recoil kinematics and the entry-state distribution
for the 194Tl nuclei. This code is based on the statistical theory of nuclear reactions. A
detailed description of this code can be found in [Mie]. Here we will note a few important
moments.
The dependence of the transmission coefficients TL(E) on the input angular momenta L
can be calculated from the optical model [Bab60] in two versions where:
 the effective-interaction radius corresponds to the grazing collision, i.e. Rinter =
Rgrazing;
 an empirical correction factor fc< 1 is introduced, i.e. Rinter = fc.Rgrazing. This
factor mainly influences the maximal input angular momenta and can be determined
by comparing the calculated cross-sections for compound-nucleus formation (σc ∼∑
L(2L+1)TL) with the experimental value σe. In the lack of experimental data the
value of σe can be found from empirical formulae [Bab60].
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Calculation of the fission barrier B(L) [Sie86; Dos95] gives Lf ≈43~ (which corresponds
to the fission barrier equal to the neutron binding energy B(Lf ) = Bn ≈ 8 MeV). This
value exceeds the angular momenta involved in our reaction and, in particular, results in a
very low contribution of about ≈0.3% of the fission cross section in the total reaction cross
section. Therefore, the fission phenomenon does not play an important role in our case.
Light particle evaporation is simulated in COMPA using statistical theory of nuclear reac-
tions [Dom01]. In the compound nuclear reactions, light particles are evaporated until the
excitation energy above the yrast line becomes smaller than binding energy. Subsequently,
the nucleus de-excites by γ-ray emission. The location of the entry state population distri-
bution depends on the number of evaporated particles to populate a specific final nucleus.
In Figure 3.21 plots of the excitation energy E∗ vs. spin I are shown for the 194Tl nu-
clei produced in the 181Ta(18O, 5n) reaction at 91 MeV. The yrast line is taken from our
experimental data and from ref. [Aza91].
3.16.4 The application of GAMMA
The de-excitation of the entry states is simulated with the code GAMMA taking into
account statistical E1,M1 and E2 transitions, stretched E2 bands (including the rotational
damping effect with a width of Γrot = 0.3 MeV [Mih10]), superdeformed (SD) bands in the
continuum and the existence of a large amount of particle-hole excitations which generate
cascades of stretched magnetic dipole transitions. The total number of different decay paths
from the entry states to the ground state is N = 2<Mγ>−1 where < Mγ > is the centroid
of the γ-ray multiplicity distribution. For < Mγ > = 20 one obtains 5·10
5 decay paths.
However, only a small fraction of these decay paths are realized (typically thousands). As
an example, one simulated decay path is shown in Figure 3.21. The γ-ray multiplicity for
this path is Mγ = 16, with nine unobserved transitions and seven transitions in the known
part of the level scheme. The multiplicities for the various multipolarities for this decay
path are ME1 = 1, MM1= 4 and ME2 = 11.
The maximum of entry-state distribution lies close to the studied levels (See Figure 3.21)
due to the relatively low angular momenta and large number of evaporated particles (5
neutrons). Therefore, the side-feeding times are expected to be small, which creates fa-
vorable condition for the DSAM lifetime measurements. However, the side feeding time
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Figure 3.22. Study of the side feeding pattern. a: Relative intensities of transitions along
the yrast line at different σ0. b: Time distributions of the side feeding population of I=24
level in Band2. c: Doppler-shift attenuation factor F(τ),for different values of σ0. d:
Obtained E1 strength fE1 in the comparison of systematic of E1 strength E1 functions
[Kop06]
is important due to the short time of the recoil slowing down. Thus the side feeding pa-
rameters should be evaluated. The γ-cascades leading from the entry states to the levels
of interest have a short (related mainly to the cascades of statistical transitions) and a
long (related to cascades of discrete transitions) components. Moreover, contributions of
these components strongly depend on the spin of the level of interest. The side-feeding
time distributions for each level are simulated in the GAMMA program. In this code the
side-feeding depends on the energy and spin of the analyzed level that is at the end of the
feeder cascade (ref. [Gro06]). The side feeding parameters can be obtained in different
ways.
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These parameters of the side-feeding pattern can for instance be obtained from the line-
shape analysis of transitions between high-spin states as in refs. [Gro06; Lie04; Pas05]).
In addition they can be calculated on the basis of experimentally measured γ-multiplicity
distributions as done for the near magic Gd isotopes [Lie11]. In the present work the
distribution of the intensity along the yrast band has been analyzed. The side feeding pa-
rameters were determined in a similar way for 131La [Gro06] and 126,128Cs [Gro06; Gro11]
cases.
The calculation of E1 strength function are based on S.S. Dietrich and B.L. Berman ap-
proximation for giant resonances [Die88]. For near spherical nuclei with A>50 fE1 =
8.7 × 10−8σ0E2γΓ20/[(E2γ − E20)2 + E2γΓ20], where E0 = 50/A0.24, Γ0 = 0.3E0. From approx-
imation of experimental fE1 systematic [Kop06], it is expected that σ0 = 0.166 · A1.54,
which for 194Tl is σ0 = 554MeV
−3. Experimental data however show that fluctuations
of fE1 are large and that fE1 can differ from the approximated values by a factor of 2
and more. Therefore an evaluation of σ0 is important. We used our experimental data
on the relative intensities of transitions along the yrast line and compared them with cal-
culated values at different σ0. Optimal value is found to be σ0=1200 MeV
−3 as shown
in Figure 3.22(a). In Figure 3.22(b) the time distributions of the side feeding population
of the I = 24 level in Band 2 are shown at three different values of the parameter σ0.
It is easy to see that a variation of σ0 leads to a change of the time distribution for low
values of the time. In Figure 3.22(c) the Doppler-shift attenuation factor F (τ), defined
as < Eγ >= Eγ0(1 + F (τ)v0/c · cosθ), where Eγ0 being the unshifted γ-ray energy and
< Eγ > the mean energy of shifted γ-line, is plotted for these three values of σ0. This
figure shows that the variation in the values of σ0 for a given F (τ) can lead to about
30% deviation of measured lifetimes. In Figure 3.22(d) the corresponding point for the
experimentally avaluated E1 strenght, fE1, in
194Tl is plotted together with the known E1
strength functions.
In the program GAMMA the stopping power for the recoils is calculated using the Lind-
hard, Scharff, and Schiøtt theory (LSS) [Lin63]. For small velocities of v < 2 · Z1 · V0, the
electronic stopping cross-section is predicted by the LSS theory to depend linearly on the
ion velocity. In this region the ion begins to pick up electrons and its charge decreases with
a decrease in the velocity. In this velocity region the LSS theory can be described in first
approximation by the following expression [Lem85; Sre01; Lie11; Ber83]:
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Figure 3.23. Stopping power of Tl recoils. (a): Stopping power parameters Se and Sn
for Tl recoils in Ta target in universal LSS units verses a recoil velocity and LSS non-
dimensional unit ǫ1/2. Solid lines corresponded to LSS with correction factors fe=1.0 and
fn=0.9, dotted lines corresponded to results of SRIM2011 . (b): The same for Ta in Bi
backing.
dǫ/dρ = Se + Sn = fe · k · ǫ1/2 + fn · ǫ1/2/(0.67 · φn + 2.07 · ǫ)
where κ is the Lindhard electronic stopping-power coefficient. It depends only weakly
on Z1, A1 of the slowing-down ions and Z2, A2 of the target and is approximately κ =
0.15±0.05. The deviation of the experimental values of the stopping powers from the
predictions by the LSS theory can be described by the correction factors fe and fn which
are independent of ǫ. The parameter φn is an additional correction factor of the nuclear
stopping power calculated using the LSS theory, allowing for a better fit of Sn = (dǫ/dρ)n
over a wide range of ǫ [Lem85]. Detail description of recoil stopping problems can be found
in ref. [Lie09].
For the nuclear and electronic terms of the stopping power, parameterizations have been
introduced, as e.g. by Ziegler, Biersack and Littmark (ZBL) [Zie85; Zie99]. This semi-
empirical model is implemented in the software package SRIM (Stopping and Range of
Ions in Matter) [Sri] and is widely used today. It allows calculating the nuclear and elec-
tronic energy losses separately. The software package SRIM is regularly updated including
latest experimental results (particularly on electronic stopping powers) and new theoretical
calculations. The Z1/Z2 oscillations are taken into account in the ZBL parameterization.
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While the agreement with experimental stopping powers is good for light ions and large
velocities, the model fails to describe accurately the stopping of heavy ions in solids with
energies in the MeV range. There is no experimental data to evaluate fe and fn for the
stopping power of Tl in Bi. In ref. [Lie09] the slowing down parameters of Pm, Sm and Nd
recoils in Cd target yielded values of fe=1.0 and fn=0.9. We have chosen the same values
for the Tl recoils slowing down in Ta 1 mg/cm2 target and Bi backing. In Figure 3.23 the
stopping power parameters Se and Sn for the recoils in the Ta target and in the Bi back-
ing, in universal LSS units versus the recoil velocity and versus the LSS non-dimensional
energy unit ǫ1/2 are shown, for correction factors fe=1.0 and fn=0.9. In both cases, due
to the relatively low recoil energy (about 10 MeV) and to the high atomic numbers of
the stopping materials , the nuclear stopping power is dominant. The thickness of the Ta
target (1 mg/cm2) is less than the recoil range in Ta (1.5 mg/cm2) so all recoils get only
partially slowed down and enter the Bi backing where they are fully stopped. Stopping
time of recoils in Ta is about 0.9 ps while it is about twice longer in Bi. We evaluated
the errors in the measured lifetimes connected with the uncertainty of the stopping power
parameter as 15% based on differences in fn=0.9 and fe=1.0. This systematical error leads
to practically parallel shift in the measured lifetimes and does not influence the relative
reduced transition probabilities B(M1) and B(E2). This error is taken into account when
calculating their values from the lifetimes.
3.16.5 Other programs in the DSAM software package
Programs COMPA, GAMMA and SHAPE are programs from the DSAM software package
as illustrated in Figure 3.24. Program DISPL is used for working with spectra. The current
version provides visualization of up to 5 spectra simultaneously, usually corresponding to
different angles. It allows to draw a background, to overlap a peak with the instrumental
lineshape in order to establish the presence of Doppler broadening, allows to introduce
energy calibration and can save background subtracted regions of spectra for later peak
fitting with the program SHAPE. The most important application of the program ERR is to
produce regions of spectra, corresponding to the background subtracted regions produced
in DISPL, but which carry information about the statistical errors at each channel.
For the AFRODITE array the ERR program has an added functionality. Sometimes the
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spectra at forward (45◦) and backward (135◦) angles have different background levels with
respect to the number of counts in the photopeaks. The ERR program can normalize
for such difference and to produce a summed spectrum (F+B) of forward and backward
spectra, in which a symmetric peak appears. Fitting such a symmetric peak yields very
accurately the peak position. In addition, the subtraction of the forward and backward
spectra can be produced and is needed for the application of the ”flight fraction“ method
for extracting lifetimes [Lie04; San08], see Figure 3.25.
Side feeding and cascade feeding as well as the quickness of the slowing down process of
the Tl recoils in the target and backing result in reducing the recoil velocity at the moment
of the γ-ray emission from v0 ≈ 0.9% c down to v ≈ 0.2− 0.3%c, i.e. the Doppler broad-
ening becomes weak and comparable with typical effects for α-particle induced reactions
[Mih10; Mih11]. However using a precise instrumental lineshape calibration and a careful
lineshape analysis the evaluation of lifetimes remains possible. Thus, it is essential that
the instrumental line shape is accurately measured as a function of the γ-ray energy. The
program SINGL is applied for this purpose. Usually to determine the detector response
function spectra with radioactive sources are used. As an example, in Figure 3.26 846 keV
peak is used to illustrate the detector response function. The parameterization of the re-
sponse peak shape is illustrated in the left panel of Figure 3.26, as a Gaussian skewed with
exponential tails on both sides of the peak. The Gaussian width σ (or t1) and the decay
constants of the two exponentials (t2 and t3), smoothly joined to the Gaussian on the left
and right sides, are model parameters, fitted to the experimental lines. After fitting the
parameters for the different γ-rays from the radioactive sources, the code produces a file
with polynomial approximations for the energy dependence of the three parameters, which
is later used in the code SHAPE. Besides, SINGL makes an energy calibration for the
program DISPL. Left panel of Figure 3.26 shows, the parameters verses channel number.
As a rule, the high energy side of the instrumental peak is very close to a Gaussian shape,
which is reflected in the large values of the parameter t3. Very often the instrumental
shapes measured in-beam slightly differ from those measured off-beam, therefore a correc-
tion of the parameters must be done using lines from the in-beam spectra. Several strong
lines from the 194Tl data could also be used for determining the apparatus lineshape, in
particular the γ-lines from 194Hg, populated after β-decay from 194Tl were very useful.
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3.17 Optimizing the DSAM experiment
We considered two different ways to design the DSAM experiment for 194Tl. The first
option was to use a thick target, in which the recoiling nuclei are fully stopped, while the
second option was to produce a thin 181Ta target backed by Bi, in which the compound
nuclei are produced in the target and stopped in the backing. The excitation functions
for the 181Ta + 18O reaction have been calculated for the two possible options with the
program COMPA and for target thicknesses of 1 and 15 mg/cm2, respectively, assuming a
complete-fusion reaction mechanism. The excitation functions for 193−195Tl are shown in
Figure 3.27. In both cases, the 5n channel is stronger than the competing 6n channel. The
optimal beam energies are then around 91 MeV and 100 MeV for the target thicknesses of
1 and 15 mg/cm2 with initial velocity of the recoils being vo/c = 0.9% and 1.0% for the
two respective beam energies.
Furthermore, entry state population distributions for 194Tl have been calculated with the
program COMPA for target thicknesses of 1 and 15 mg/cm2. The results for these two
cases are shown in Figure 3.28. The entry state population distribution describes the
probability with which states of certain excitation energies and spins are populated in
the final nucleus after the neutron evaporation. The yrast line has been obtained by a
polynomial fit of second order to the normal- (our data) and superdeformed [Aza91] states
of 194Tl. The lowest level of the superdeformed band is considered to lie around 3.1 MeV
above the normal-deformed yrast states as observed in 193Tl [Bou98]. The entry state
population distribution is centered at a spin of 19~ in both cases (see Figure 3.28). The
levels of the proposed chiral bands are suitably populated because the expected sidefeeding
times are small and little cascade feeding is expected.
In order to calculate the normalized recoil velocity F (τ) = v/v0 as a function of the
lifetime τ for 194Tl the program GAMMA [Lem85] was used. The F (τ) curves are shown
in Figure 3.29 for both target thicknesses. Lifetimes in the range of 0.2<τ<2 ps can be
measured when a target thickness of 1 mg/cm2 is used on Bi backing and 0.1<τ<1 ps when
a target thickness of 15 mg/cm2 is used. It was not known which lifetime range is more
suitable, so we started the present DSAM experiment using a thick target. The preliminary
analysis of this one-weekend data showed small Doppler broadenings. Therefore in the
following weekends a thin target backed with Bi was used and proved to be a better choice.
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Figure 3.24. Soft for DSAM analysis. Programs are marked in yellow, intermediate input
and output data in blue, outputs for other applications in green.
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Figure 3.25. Results of ERR program for the 278-279 keV doublet transitions of Band
3.Top left panel: Forward and back spectra after correction. Top right panel: Sum of
Forward and back spectra (F+B). Bottom panel: result of subtraction of forward and back
spectra (B-F), showing lineshapes for the 279 keV member of the doublet.
Figure 3.26. Left panel: An illustration of the model for description of instrumental
lineshape, the 846 keV gamma-line is used as an example. Right panel: Dependence of the
model parameters from the channel number and Eγ0 (points) and their linear approximation
(lines) are illustrated.
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Figure 3.27. Excitation functions for 193−195Tl calculated with the program COMPA for
the 181Ta + 18O reaction, (a) for a 15 mg/cm2 and (b) a 1 mg/cm2 target.
Figure 3.28. Entry-state population distributions for 194Tl calculated with the program
COMPA for the 181Ta(18O, 5n) reaction at the beam energies for (a) the thick target at 100
MeV and (b) the thin target at 91 MeV. The yrast states are taken from the level scheme
of 194Tl for normal- and superdeformed [Bou98] levels.
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Figure 3.29. Normalized recoil velocity F (τ) = v/v0 as a function of the lifetime τ calcu-
lated with the program GAMMA for the 181Ta(18O, 5n) reaction for a thick Ta target and
for a thin Ta target with Bi backing.
 
 
 
 
Chapter 4
THALLIUM 194: EXPERIMENTAL DETAILS, RESULTS
AND DISCUSSION
4.1 Introduction
Two experiments were carried out to investigate 194Tl, to discover new high-spin states,
measure their spin and parity and decay patterns, as well as to measure the lifetimes of
these states using the Doppler shift attenuation technique. Both experiments utilized the
same heavy-ion fusion evaporation reaction. This chapter presents a description of the
experiments and the experimental results and also an interpretation of the observed bands
using several theoretical models. The results from standard (thin target) gamma spec-
troscopy experiment are presented first followed by results from the lifetimes measurement
(thick target) experiment. The last part of the chapter details the theoretical interpretation
of the new results.
4.2 High-Spin states investigations of 194Tl
The high spin states in 194Tl were populated following the 181Ta (18O, 5n) reaction. The 93
and 91 MeV beam energies were provided by the Separator Sector Cyclotron at iThemba
LABS, during two weekends of beam time. A stack of three and two thin metallic tantalum
targets with thickness of 0.5 mg/cm2 each were used in this measurement in the first and
the second weekend respectively. The 194Tl residual nuclei recoiled out of the target with
an average recoil velocity of v/c ≈ 0.8% and emitted γ rays in flight. The de-excitation γ
94
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rays were detected by the AFRODITE array [Shap04; New98], which comprised 8 clover
detectors and 6 Low Energy Photon Spectrometer (LEPS) with the trigger logic set to
accept events when at least two clover detectors fired in coincidence. Four clover detectors
were placed at 135◦, while the other four clovers were arranged at 90◦ with respect to the
beam direction, making the array nearly symmetric with respect to angular distribution
effects. The coincidence window was set at 150 ns. A total of 1.6 × 109 events were
collected in this experiment.
The analysis of these data included analysis of the γ-γ coincidences, measurements of
the angular distribution RAD ratios, linear polarization anisotropies and measurements of
the γ-ray intensities, more details about which are given in Chapter 3. The data were
sorted in several matrices using the two-fold coincident events with a time gate of 120 ns
around the prompt time peak. The symmetric matrix was analyzed with the RadWare
program xmesc [Rad95] while the asymmetric matrices were analyzed using RadWare pro-
gram xmgf3 [Rad95]. The symmetrized Eγ - Eγ matrix was used to generate the gated
spectra and to establish the level scheme. Two asymmetric angular correlation matrices
were constructed in order to determine the angular distribution ratios RAD of the γ-rays.
Two asymmetric linear polarization matrices were formed in order to determine the elec-
tromagnetic nature (electric or magnetic) of the gamma rays by the linear polarization
method. The γ-ray branching ratios and the B(M1)/B(E2) ratios were measured. The
γ-ray intensities were corrected with a small coefficient to compensate for angular distri-
bution effects.
4.3 194Tl Experimental Results
4.3.1 194Tl level Scheme
The 194Tl nucleus was previously studied by Kreiner et al. [Kre79] using the same reaction
as we have employed but with one Ge(Li) γ ray detector. One strongly coupled band was
observed consisting of only 14 transitions. In a more recent work [Pai12], the high-spin
states in 194Tl were studied using the 185,187Re(13C, xn) reaction at the beam energy of 75
MeV, and 15 clover HPGe detectors with BGO anti-Compton shields were used to detect
the γ rays. A total of 19 new γ ray transitions were observed. In the present work we have
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significantly extended the 194Tl level scheme and it is shown in Figure 4.1. The ordering of
the γ rays has been determined from coincidence relationships and relative intensities. The
brackets around the parities in Band 5 indicate a tentative parity. All spins and parities
of the new levels are based on our RAD and linear polarisation results. More than 130
new transitions, forming five rotational bands were placed in the level scheme. Three of
these bands are completely new, while the other two were extended up to higher spins.
Table 4.1 summarizes our results, listing the spin and parity of the initial and final levels,
excitation energies of the initial level, gamma-ray energies, intensities, linear polarisation
anisotropies, multipolarities and angular distribution ratios RAD observed for
194Tl.
Table 4.1: Energy, γ-ray intensity, RAD ratio, linear polarization anisotropy, and deduced
multipolarity of the transitions in 194Tl. Iγ is normalized to the intensity of the 278.2 keV
transition. The spin assignments and the energies of the initial levels are also included.
The multipolarity ML is given if the RAD ratio and the polarization anisotropy are
measured. The error bars on the energy of the γ rays are typically of 0.3 keV and may
increase up to 0.5 keV for weak or doublet transitions.
Eγ(keV ) Iγ RAD Apol ML Ein(keV ) Iπi → Iπf
25.31 1796 13+ → 12+
45.4 14.4(17) 0.80(20) 338 9− → 8−
65.51 2520 16− →
76.9 25.2(24) 0.83(12) 1872 14+ → 13+
78.8 11.3(12) 0.88(12) 2599 17− → 16−
95.8 18.6(21) 0.87(10) 434 10− → 9−
104.7 12.5(7) 0.84(12) 1976 15+ → 14+
117.9 2.6(4) 0.86(15) 1796 13+ → 12(+)
137.0 6.2(15) 0.85(15) 3518 20− → 19−
143.4 11.1(15) 0.78(12) 1678 12(+) → 11(−)
154.6 34(3) 0.86(12) 2131 16+ → 15+
155.0 1583 13− →
157.6 5.0(7) 0.83(12) 1954 14(+) → 13+
162.4 13.9(15) 0.84(12) 2762 18− → 17−
170.0 2.6(4) 0.74(19) 3427 19− → 18−
175.6 34.8(32) 0.84(12) 2307 17+ → 16+
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Table 4.1: (continued)
Eγ(keV ) Iγ RAD Apol ML Ein(keV ) Iπi → Iπf
176.4 3.8(6) 0.83(15) 2520 16− → 15−
180.1 2.3(2) 1976 15+ → 13+
187.5 6.3(9) 0.88(12) 2141 15(+) → 14(+)
200.1 2.7(4) 0.80(18) 3628 20− → 19−
206.7 11.6(21) 0.76(19) 3248 20− → 19−
215.6 8.2(4) 0.81(10) 3381 19− → 18−
227.0 6.4(8) 0.77(13) 2368 16(+) → 15(+)
238.7 2455
240.4 7.8(12) 0.81(14) 4080 22− → 21−
241.0 3.0(6) 1.20(16) 2762 18− → 16−
244.9 59.7(14) 0.89(15) -0.07(3) M1 957 12− → 11−
247.5 3.6(4) 0.75(10) 3130 18− → 17−
249.1 1.9(2) 0.87(20) 3877 21− → 20−
251.0 7.0(14) 0.78(11) 3381 19− → 18−
252.9 3.5(9) 0.79(15) 2621 17(+) → 16(+)
254.8 3.5(4) 0.77(14) 3257 18− → 17−
256.8 2.0(5) 0.78(18) 1738 13− → 12−
262.8 10.8(9) 0.73(12) -0.06(4) M1 2001 14− → 13−
278.2 100(14) 0.89(15) -0.05(3) M1 712 11− → 10−
279.4 23.6(29) 0.88(12) 3041 19− → 18−
282.9 3.9(10) 0.78(10) -0.06(3)2 3165 18− → 17−
283.3 22.8(10) 0.89(11) -0.06(3)2 1644 14− → 13−
289.5 43.7(24) 0.77(9) -0.08(3) 2596 18+ → 17+
291.2 8(3) 0.78(15) 2404 16− → 15−
293.0 0.08(3) E1 293 8− → 7+
297.6 3427 19− → 18−
303.7 27.6(40) 0.78(9) -0.07(4) M1 2900 19+ → 18+
303.9 1.1(3) 0.76(12) 4181 22− → 21−
306.0 1.5(4) 0.72(10) 1481 12− → 11−
320.2 3.2(6) 0.79(10) 3003 17− → 16−
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Table 4.1: (continued)
Eγ(keV ) Iγ RAD Apol ML Ein(keV ) Iπi → Iπf
322.3 12.8(19) 0.83(16) 3840 21− → 20−
322.4 6.5(13) 0.78(12) -0.07(5) M1 4634 24+ → 23+
323.0 2.6(9) 0.71(12) 2944 18(+) → 17(+)
326.4 1.8(7) 0.81(15) 3270 19(+) → 18(+)
327.5 5.0(6) 0.72(11) 3952 22− → 21−
330.2 4.8(5) 1.33(21) 2307 17+ → 15+
334.3 8.0(10) 0.78(13) 4311 23+ → 22+
338.2 2.9(4) 0.80(12) 2682 16− → 15−
343.3 9.2(5) 0.81(12) -0.06(4) M1 2344 15− → 14−
354.1 13.5(16) 0.83(12) 3977 22+ → 21+
358.5 3877 21− → 20−
360.4 23.6(27) 0.85(10) -0.04(3)2 M1 3260 20+ → 19+
361.7 4.5(16) 4823 24− → 23−
361.3 2216
362.4 4.6(11) 0.81(16) -0.04(3)2 M1 4996 25+ → 24+
362.7 14.6(32) 0.78(18)2 -0.04(3)2 M1 3623 21+ → 20+
365.7 0.6(2) 3636 20(+) → 19(+)
374.2 7.2(6) 1.30(21) 712 11− → 9−
376.6 13.8(17) 0.81(11) -0.08(4) M1 3624 21− → 20−
379.1 0.9(3) 0.87(25) 4560 23− → 22−
381.2 7.9(28) 0.88(20) 4462 23− → 22−
395.9 1.3(2) 4778 24− → 23−
398.6 3.6(5) 0.74(21) 5395 26+ → 25+
403.5 43.9(29) 0.76(12) -0.06(3) M1 1361 13− → 12−
408.2 3.9(6) 0.74(14) 2520 16− → 15−
430.0 2.2(3) 0.78(22) 4382 23− → 22−
448.0 1.8(5) 0.85(25) 5843 27+ → 26+
459.4 1.3(4) 3840 21− → 19−
465.0 4.8(6) 1.34(40) 2596 18+ → 16+
468.4 13.9(19) 0.87(13) -0.05(3) M1 2112 15− → 14−
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Table 4.1: (continued)
Eγ(keV ) Iγ RAD Apol ML Ein(keV ) Iπi → Iπf
478.5 7.9(13) 0.83(15) 2882 17− → 16−
479.9 1.5(3) 2621 17(+) → 15(+)
483.1 1.0(5) 6326 28+ → 27+
486.1 4.4(9) 1.38(21) 3248 20− → 18−
495.5 1.1(3) 1.30(36) 3257 18− → 18−
519.6 1.3(2) 1.31(40) 2520 16− → 14−
519.6 0.7(3) 2001 14− → 12−
523.0 31.4(14) 1.35(16) 0.09(3) E2 957 12− → 10−
553.1 0.4(1) 4181 22− → 20−
562.8 8.9(13) 4080 22− → 20−
563.0 2.2(7) 1.31(21) 1738 13− → 11−
575.0 1.1(5) 3257 18− → 16−
575.8 1.2(3) 1.37(40) 2944 18(+) → 16(+)
583.2 1.6(6) 1.41(40) 3624 21− → 19−
593.0 13.5(31) 1.42(24) 2900 19+ → 17+
600.3 2455
606.3 2.8(6) 2344 15− → 13−
621.6 1.4(3) 4462 23− → 21−
640.3 1.4(2) 2001 14− → 13−
648.3 15.0(8) 1.22(27) 0.11(4) E2 1361 13− → 11−
649.2 1.4(4) 3270 19(+) → 17(+)
656.7 2.6(4) 1.32(36) 4634 24+ → 22+
658.4 1.6(2) 1.26(38) 3003 17− → 15−
663.9 11.4(18) 1.41(31) 3260 20+ → 18+
681.4 2.0(3) 1.43(40) 2682 16− → 14−
683.0 0.6(3) 4560 23− → 21−
685.0 2.2(8) 1.36(38) 4996 25+ → 23+
686.8 41.3(42) 1.26(28) 0.11(3) E2 1644 14− → 12−
688.2 4.6(7) 1.37(37) 4311 23+ → 21+
692.0 0.5(2) 3636 20(+) → 19(+)
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Table 4.1: (continued)
Eγ(keV ) Iγ RAD Apol ML Ein(keV ) Iπi → Iπf
704.1 3.5(7) 1.27(25) 3952 22− → 20−
716.8 12.1(26) 1.35(30) 3977 22+ → 20+
723.1 13.7(26) 1.46(30) 0.07(5) E2 3623 21+ → 19+
726.0 11.4(26) 1.32(35) 3130 18− → 16−
741.1 4.6(8) 1175 11− → 10−
742.6 4.1(18) 4823 24− → 22−
751.5 8.9(18) 1.28(28) 2112 15− → 13−
757.5 3.0(4) 1.40(40) 4382 23− → 21−
759.6 32.5(58) 1.39(28) 0.06(3)2 E2 2404 16− → 14−
761.0 1.8(5) 1.41(40) 5395 26+ → 24+
761.4 14.0(27) 1.40(35) 0.06(3)2 E2 3165 18− → 16−
768.9 1.3(5) 0.75(23) 1481 12− → 11−
769.6 4.4(9) 1.34(32) 2882 17− → 15−
780.8 5.4(10) 0.71(21) -0.06(4) M1 1738 13− → 12−
810.9 1.7(3) 2455 → 14−
822.4 5.4(13) 1.18(21) 1535 11(−) → 11−
825.7 2.5(8) 1.29(38) 4778 24− → 22−
838.8 0.6(3) 1796 13+ → 12−
846.6 1.6(8) 5843 27+ → 25+
855.5 2216 → 13−
876.4 19.9(20) 1.34(22) 0.07(4) E2 2520 16− → 14−
897.4 1855 → 12−
931.1 1.2(5) 6326 28+ → 26+
966.0 4.6(10) 1678 12(+) → 11−
1046.5 1481 12− → 10−
1058.6 14.7(21) 0.90(16) 0.08(4) E1 1771 12+ → 11−
1094.1 0.9(2) 2455 → 13−
1100.7 7.7(5) 1.01(21) 1535 11(−) → 10−
1The gamma is not observed. It is placed in the level sceheme based on the observed coincidence
relationships of other transitions. More details can be found in the text.
2Unseparated doublet. The value corresponds to the total peak.
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4.3.2 Rotational Bands and other Structures
Band 1
Band 1 is a negative parity band with a band head at Iπ = 8− which decays to the Iπ =
7+ isomeric state through a 293.0 keV transition. This band was previously observed by
Kreiner et al [Kre79] and consisted of only 14 transitions and 11 levels and recently by
[Pai12]. In the latter 9 more transitions were discovered and this band was extended to 18
~ at an excitation energy of 3126 keV.
The present work has extended Band 1 up to 24 ~ in the high-spin region and a few changes
were made with respect to the previously suggested placement of transitions [Kre79; Pai12].
In the low-spin region a low-energy transition with an energy of 45.4 keV was observed see
Figure 4.2(b) and placed between the 293.0 keV and 95.8 keV transitions. A transition
with energy of 43 keV (not seen in their spectra) was previously tentatively suggested by
[Pai12] based on a placement of the 137 keV γ ray as a 10− → 8− transition. Our analysis
shows that the 137 keV transition is placed at higher energy, 20− → 19−, in Band 1 (see
Figure 4.1).
The intensities of several new bands flow into the yrast band, Band 1, and feed its levels
up to Iπ=15−. To illustrate the transitions of Band 1, a spectrum gated on the 760 keV
γ ray is shown in Figure 4.2(c). Two transitions with close energies of 759.6 keV (16− →
14−) and 761.4 keV (18− → 16−) belong to Band 1. In addition 757.5 keV (23− → 21−)
and 761.0 keV (26+ → 24+) transitions belong to two other bands in 194Tl (Bands 3 and
2, respectively), while two 760 keV transitions make part of the neighbouring 195Tl level
scheme. The 759.6-761.4 keV doublet in Band 1 of 194Tl is however the most intense,
but small peaks corresponding to transitions from the other two bands in 194Tl and 195Tl
also appear in this gated spectrum. The good statistics however allows the observation of
almost all new transitions of Band 1, and also the 297.6 keV (19− → 18−) and 358.5 keV
(21− → 20−) linking transitions, as well as the top transitions of Band 4.
The spectrum gated on the 240 keV transition, plotted in Figure 4.2 (a), shows more
clearly the transitions at the top of Band 1. Two weaker transitions with similar energies
of 241.0 keV (18− → 16−) and 238.7 keV also belong to 194Tl, and cause a few small
peaks from Band 3 to appear in this spectrum. The spins and parities of the levels of this
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band were established based on measurements of the angular distribution ratios and linear
polarization anisotropies. Two 18− states are closely linked with Band 1. The 18− level at
the lower excitation energy of 3130 keV is adopted as part of Band 1.
The RAD ratio of the 293.0 keV is not measured in this work since the transition lies below
the 8− isomeric state. The estimated lifetime of this state is ∼ 85 ns [Zha08]. Thus the
194Tl nuclei emit this transition while flying out of the sight of the clover detectors and the
detected intensities as a function of the angle is disturbed. The 293.0 keV is assigned as
E1 transition in the previous study [Kre79] and this multipolarity is accepted in our work.
To measure the RAD ratios of the 282.9-283.3 keV doublet of Band 1 gated spectra on
686.8 and 876.4 keV are used respectively. The RAD values for the 759.6 and the 761.4 keV
transitions are measured from the spectra gated on the 478.5 and the 468.4 keV transitions
respectively and the values are consistent with the stretched quadrupole nature. It is worth
to note that the polarization values could not be measured for the individual peaks for this
doublet since we had low statistics in the gated spectra. The obtained polarization value
corresponds to the total 760-761 keV peak. Band crossing is clearly observed around Iπ =
18− → 20− in this band.
Band 2
Band 2 is a positive parity band consisting of twenty nine γ rays. It is newly observed in
this work except for the 289.5 keV (18+ → 17+) transition which was previously placed in
Band 1 [Kre79]. This band is observed up to an excitation energy of 6326 keV at the spin
28+~. It feeds into Band 1 through several transitions at the 12−, 11− and 10− levels.
The insert in the partial level scheme presented in Figure 4.1 shows the zoomed part of the
lower energy region of Band 2 showing the new 76.9 keV transition. A 25.3 keV transition
was introduced just above the 12+ level at 1796 keV. The insertion of this γ ray was based
on the following arguments: (i) The 117.9 keV was found in coincidence with the 143.4,
124.4 keV and with the rest of the transitions below them and also with the transitions of
Band 5 and Band 2 including the 76.9 keV γ ray. So, all transitions from Bands 2 and 5
were moved up by 25.3 keV and a new level at 1796 keV was introduced. (ii) The 838.8
keV transition linking the new level of 1796 keV to the 12− level in Band 1 supports this
placement. The intensity of Band 2 feeds into Band 1 and to several structures below it
(Groups A, B and C). To illustrate the transitions of Band 2, spectra gated on the 334 keV
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(top panel) and 290 keV (bottom panel) are shown in Figure 4.3. Transitions with close
energies of 292 keV and 332 keV make part of the neighbouring 195Tl partial level scheme
and this makes some small peaks corresponding to 195Tl to also appear in these gated
spectra. The good statistics allow us to illustrate convincingly all the transitions from
Band 2 including the linking transitions between Band 1 and Band 2. Several multiplet
transitions with close energies were placed in Band 2, such as 360.4, 362.4, 362.7, and
685.0, 688.2.
The spins and parities of this band are firmly established through the measured angular
distribution ratios and linear polarization anisotropies, respectively.
The measured linear polarization value for the 360-363 triplet corresponds to the total
peak because values could not be measured for individual peaks due to low statistics. As
mentioned earlier the intensity of Band 2 does not decay completely through the 293.0 keV
transition but a large part goes through Group A, Group B and Group C structures in the
level scheme. The relative intensities of the transitions in Bands 2 and 5 were measured
starting with a gate on the 1059 keV transition. Then they were normalized, using a
normalizing coefficient derived from the intensities of a few strong and clean transitions in
Band 2 with respect to such transitions in Band 1 in the total projection spectrum. Band
2 has largest intensity near the 13+ level. The intensity balance indicates that some 20%
of the intensity populating the 13+ level flows through yet unobserved decay paths.
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Figure 4.2. Spectra gated on the (a) 240 keV and (c) 760 keV transitions, showing the
transitions from Band 1. The insert (b) shows the low-energy part of a spectrum gated on
the 293 keV transition. Transitions labeled with their energies belong to Bands 1 and 4.
Transitions marked with stars (*) belong to other bands in 194Tl, while those denoted with
plus signs (+) belong to 195Tl.
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Figure 4.3. Spectra gated on the (a) 334 keV and (b) 290 keV transitions, showing the
transitions from Band 2. The insert (c) shows the low-energy part of a spectrum gated on
the 334 keV transition, while the insert (d) shows the high-energy part of a spectrum gated
on 290 keV. Transitions marked with stars (*) and with $ belong to Band 1 and Groups
A, B and C respectively in 194Tl, while those marked with # and those denoted with plus
sign (+) belong to 194Hg and 195Tl respectively.
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Band 3
Band 3 is a negative parity band observed up to 25 ~ and excitation energy of 5232 keV. It
comprises intense ∆I = 1 transitions as well as ∆I = 2 transitions. It decays out towards
the negative parity Band 1 (through several transitions, such as 408.2, 876.4, 810.9 and a
1094.1 keV transitions) as well as towards the negative parity Band 4 through the 176.4
keV and 519.6 keV transitions. Some transitions in Band 3 were also observed by [Pai12].
In this work many more transitions in Band 3 are found. A new 78.8 keV γ-ray was placed
at the bottom of Band 3, evidence for which is shown in Figure 4.4(b). Furthermore more
linking transitions between Bands 1 and 3 were observed. The transitions observed by
[Pai12] are placed differently in this work, and new E2 crossovers were found. The are
placements are supported by the newly observed cross over transitions in this band. To
illustrate the transitions from Band 3, spectra gated on (a) 162 keV and (c) 876 keV
transitions are shown in Figure 4.4.
All the transitions observed in this band can be seen in these two spectra including the
linking transitions. The 279.4 keV (19− → 18−) transition has a close energy to the 278.2
keV (11− → 10−) transition observed in Band 1.
The measured RAD value of the 279.4 keV γ ray obtained from the 523 keV gate indicate
stretched dipole character. The same 523 keV gate was used to measure the intensity
of the 279.4 keV transition which was then normalized to the true intensity of the 486
keV transition. The 65.5 keV transition is not observed in our data but is introduced on
the basis of the coincidence analysis. As can be seen in the spectra gated on 162 keV
γ ray (Figure 4.4(a)) the linking transitions placed below the 65.5 keV transition are in
coincidence with the 162 keV transition which suggests that there is a low energy transition
(65.5 keV transition) linking them to Band 3. The intensity of the transitions feeding the
17− level is larger than the intensity of the observed transitions de-exciting it, indicating
that more de-excitation paths remain unidentified.
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Figure 4.4. Spectra gated on the (a) 162 keV and (c) 876 keV transitions, showing the
transitions from Band 3. The inserts (b) and (d) show the low-energy part of a spectrum
gated on the 876 keV transition and the high-energy part of a spectrum gated on the 162
keV transition respectively. The transition marked with ($) belong to 181Ta due to Coulomb
excitation of target. Transitions marked with stars (*) belong to Bands 1 and 4 in 194Tl.
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Figure 4.5. Spectra gated on the (a) 255 keV and (c) 343 keV transitions, showing the
transitions from Band 4. The insert (b) displays a portion of a spectrum gated on the 249
keV γ ray. The high-energy part of the spectrum gated on the 343 keV transition is plotted
in insert (d). Transitions labeled with their energies belong to Bands 1 and 4, or link these
two bands. Transitions marked with stars (*) belong to other bands in 194Tl, while those
labeled with hashes (#) belong to 194Hg. The 1014 keV Al γ ray (appearing as two peaks
due to the applied Doppler correction) is marked with $.
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Band 4
Band 4, and the linking transitions between Bands 4 and 1 are completely new. Gated
spectra illustrating the Band 4 transitions are shown in Figure 4.5. The spectrum gated on
the 255 keV transition, Figure 4.5 (a) shows most transitions placed in Band 4, including
the weak 553 and 683 keV cross over transitions at the top of the band. Since a 256 keV γ
ray belongs to 194Hg this gated spectrum shows a few strong peaks of this nucleus. 194Hg
is produced after β-decay from 194Tl. These 194Hg γ rays are emitted by stopped nuclei,
thus the applied Doppler shift correction causes each peak to exhibit two components,
corresponding to detection at 90◦ and 135◦. The 683 keV transition placed at the top of
Band 4 is also illustrated in the insert of this figure, panel (b), where a portion of the
spectrum gated on the 249 keV transition is plotted.
Figure 4.6. Spectra gated on the (a) 187 keV and (b) 227 keV transitions, showing the
transitions from Band 5. Transitions marked with stars (*) belong to Band 1, while those
marked with ($) belong to Groups A, B and C in 194Tl.
A band crossing in Band 4 is observed around Iπ = 18− →20− similarly to Band 1. A
large part of the intensity of Band 4 flows towards Band 1, through numerous linking
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transitions. To illustrate the weak linking transitions de-exciting the low-energy levels of
Band 4, a spectrum gated on the 343 keV transition is plotted in Figures 4.5 (c) and (d).
Since Band 3 feeds into the 14− and 15− levels of Band 4, and since another transition
with energy of 343 keV belongs to the decay-path of Band 2, γ-rays from these two bands
also appear in this gated spectrum.
The ordering of the dipole transitions in Band 4 is established by the observation of the E2
cross over transitions and the transitions linking it to Band 1. The angular distribution
ratios and the linear polarization analysis made it possible to establish the spins and
parities of all levels in Band 4. The magnetic nature of the stretched dipole 170 and 200
keV transitions in Band 4 was deduced by estimating their internal conversion coefficients.
Thus the relative excitation energy of Band 4 with respect to Band 1 is firmly established.
Band 5
Band 5 is newly observed and consists of seven levels with eleven transitions. It is observed
in coincidence with some transitions in the lower-spin region of Band 1 as well as with the
transitions in Groups A, B and C and is in anti-coincidence with the transitions in Band
2. This band is observed up to an excitation energy of 3636 keV at the spin of 20(+)~. The
parities of this band are tentatively assigned. This tentative positive parity assignment is
based on the likely magnetic nature of the 157.6 and 187.5 keV transitions derived from
an estimation of their internal conversion coefficients.
Linear polarization anisotropies could not be measured for the transitions of Band 5 due to
the weak nature of this band. The spectra gated on the 187 and 227 keV γ ray transitions
are presented in Figure 4.3.2 and illustrate transitions from Band 5 as well as the transitions
from Group A, Group B and Group C marked with ($). Band 5 feeds the 13+ level rather
than the 12+ level since it is in coincidence with the 118 keV transition.
Group A, Group B and Group C
Apart from Band 1, the low-energy part of Band 2 decays through several other transitions,
shown as Groups A, B and C in Figure 4.1. This figure shows the coincidence relationships
between these transitions, rather than actual placement, since in some cases alternative
ordering is also possible. Transitions in Group C are all in coincidence with the transitions
above the 13+ level. Most likely unobserved low-energy transitions link this Group with
Band 2 levels. Several other transitions were observed, that are perhaps linked with the
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transitions of these structures, but could not be placed. Transitions from these structures
are weak and no RADs could be measured. These transitions are not listed in Table 4.1.
4.4 Investigation of lifetimes in rotational bands of
194Tl
The excited states in 194Tl were populated in the 181Ta (18O, 5n) reaction at the beam
energies of 91 and 100 MeV delivered by the SSC at iThemba LABS, during four weekends
of beam time. The emitted γ-rays were detected using the AFRODITE γ-ray array, which
comprised 9 clovers (arranged as follows: 4 clovers at 45◦, one clover at 90◦, and 4 clovers
at 135◦ with respect to beam direction) and 6 LEPS detectors. Two different targets were
employed, a thick target (15 mg/cm2), in which the recoiling nuclei are fully stopped, and a
thin 181Ta target (1 mg/cm2) backed by Bi, in which the compound nuclei produced in the
target are stopped in the backing. In the first weekend a thick 181Ta target was used and
the beam energy was 100 MeV. In the preliminary analysis, however, very small Doppler
broadenings were observed. Thus in the remaining 3 weekends a 1 mg/cm2 181Ta target
on a Bi backing was used. The trigger condition required a triple coincidence out of the 15
detectors, with an additional condition that at least two of the detectors were clovers. All
recoil nuclei were stopped in the Bi backing, thus a large number of γ-rays were emitted
from low- and medium-spin states of 194Hg, which was produced after a β-decay from 194Tl.
The use of the LEPS detectors in the trigger helped reducing contaminating 194Hg γ-rays.
After careful gain matching (including gain drift corrections) the clover detector data were
sorted in asymmetric γ-γ matrices, and used to produce gated spectra at forward (45◦)
and backward (135◦) angles, needed for the DSAM analysis. The analysis of the lineshapes
was carried out with the COMPA, GAMMA and SHAPE codes.
4.5 Lifetime results for rotational bands of 194Tl
To extract lifetimes of high-spin states the sum of spectra gated below the transition of
interest were used. A total of 25 lifetimes were extracted for the levels in 194Tl. Table 4.2
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summarizes our results for the lifetimes, listing the Iπ, τ , Eγ , B(M1), B(E2), σλ and
B(M1)/B(E2) ratios extracted for 194Tl. The intensity values were taken from our thin
target experiment. The knowledge of intensities and branching ratios is important, be-
cause many of the analysed γ-lines, revealing Doppler lineshapes are members of complex
doublets. Some examples of the lineshapes analysed for Bands 1, 2, 3 and 4 are presented
below and the results of all other lineshapes can be found in Appendix A.
Table 4.2: Measured lifetimes for the levels with spin and parity of
Iπ, and the corresponding transition probabilities in rotational bands of
194Tl. The energy of the γ that was used in the DSAM analysis is also
listed.
Band Iπi τ (ps) Eγ(keV) B(M1),B(E2) σλ B(M1)/B(E2)
[W.u] [(nm/eb)2]
Band 1 16− 0.33±0.04 759 0.66+0.31
−0.24 M1 1.7
+0.8
−0.6
103+26
−18 E2
Band 1 17− 0.33+0.08
−0.07 769 0.46
+0.19
−0.11 M1 2.8
+1.0
−0.6
40+18
−10 E2
Band 1 18− 0.87+0.33
−0.21 726 0.37
+0.25
−0.09 M1 2.5
+0.9
−0.5
38+21
−9 E2
Band 1 18− 0.65+0.13
−0.11 761 0.38
+0.18
−0.10 M1 2.1
+0.8
−0.6
47+15
−9 E2
Band 1 21− 1.1+0.3
−0.2 322 0.53
+0.18
−0.12 M1 3.6
+1.9
−0.8
32+18
−11 E2
Band 1 22− 1.2+0.4
−0.2 562 0.54
+0.22
−0.12 M1 2.4
+0.6
−0.5
59+23
−13 E2
Band 1 23− 1.80+0.45
−0.30 381 0.19
+0.07
−0.04 M1 6.1
+3.2
−2.3
622 7.1+5.2
−2.1 E2
Band 1 24− 1.4+0.7
−0.3 743 0.15
+0.10
−0.05 M1 2.8
+2.9
−1.1
11+8
−5 E2
Band 2 24+ 1.25+0.65
−0.35 322 0.29
+0.16
−0.07 M1 5.9
+1.9
−1.6
13+8
−4 E2
Band 2 25+ 0.50+0.20
−0.15 685 0.62
+0.40
−0.15 M1 3.8
+2.9
−1.1
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Table 4.2: (continued)
Band Iπi τ (ps) Eγ(keV) B(M1),B(E2) σλ B(M1)/B(E2)
[W.u] [(nm/eb)2]
35+27
−12 E2
Band 2 26+ 0.48+0.24
−0.12 398 0.46
+0.27
−0.12 M1 5.0
+2.3
−1.1
761 13+8
−4 E2
Band 2 27+ 0.48+0.14
−0.09 448 0.30
+0.16
−0.09 M1 2.8
+3.1
−0.9
22+12
−8 E2
Band 2 28+ 0.45+0.11
−0.08 482 0.24
+0.14
−0.09 M1 2.8
+3.2
−1.4
930 13+8
−4 E2
Band 3 19− 1.07+0.37
−0.24 279 0.74
+0.34
−0.16 M1 >6
<30 E2
Band 3 20− 1.05+0.80
−0.35 485 0.81
+0.73
−0.24 M1 5.3
+2.0
−1.2
38+37
−13 E2
Band 3 21− 0.64+0.26
−0.18 376 0.56
+0.32
−0.13 M1 6.2
+4.4
−1.3
582 19+16
−7 E2
Band 3 22− 0.70+0.25
−0.15 327 0.53
+0.25
−0.12 M1 4.6
+1.4
−0.8
703 28+14
−7 E2
Band 3 23− 0.29+0.07
−0.05 430 0.48
+0.18
−0.10 M1 1.5
+0.4
−0.3
757 81+28
−17 E2
Band 3 24− 0.42+0.11
−0.08 825 0.33
+0.18
−0.08 M1 1.9
+1.1
−0.5
40+16
−10 E2
Band 4 16− 0.45+0.25
−0.15 338 0.63
+0.48
−0.16 M1 3.5
+0.8
−0.6
46+36
−1 E2
Band 4 19− >1.7 297 >0.7 M1
>0.3 M1
Band 4 20− >1.2 200 <0.9 M1
Band 4 21− 0.82+0.18
−0.13 249 0.73
+0.30
−0.17 M1
358 0.26+0.10
−0.07 M1
Band 4 22− 0.99+0.20
−0.15 304 0.69
+0.24
−0.16 M1 5.0
+3.2
−1.9
30+22
−9 E2
Band 4 23− >1.5 379 <0.15 M1 3.0+3.6
−1.2
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Table 4.2: (continued)
Band Iπi τ (ps) Eγ(keV) B(M1),B(E2) σλ B(M1)/B(E2)
[W.u] [(nm/eb)2]
<10 E2
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Band 1
A total of 8 lifetimes were extracted for this band starting with the Iπ=24− highest level
in Band 1 using different sets of summed gated spectra.
Figure 4.7 shows an example of a rather complicated lineshape analysis for the 322 peak
(Iπ=21− of Band 1), which shows very small Doppler broadening. Such analysis needs a
very careful consideration of the statistical errors. But as seen in the χ2 plot, it yields
a deep minimum of χ2, illustrating that with good statistics lifetimes can be obtained
even for peaks with small Doppler broadening. In addition the flight-fraction method is
ullustrated for this peak. It is based on the analysis of the B-F gated spectrum, which
shows a sinusoidal-shape fluctuation, that is characteristic for a Doppler broadened peak.
The fit yields the amplitude of the fluctuation, AB−F . The parameter Fflight =
2AB−F
AB+F
is extracted as a ratio of twice this amplitude and the height of the peak in the B+F
spectrum. This parameter is compared with the theoretically calculated curve Fflight(τ),
and the flight-fraction lifetime, τffr=1.22 ps is extracted. This value is similar to the
lifetime deduced by the lineshape analysis, τlsh=1.18 ps. The last part of the analysis
shows an attempt to estimate possible contamination in the 322 keV peak from the 322
keV transition of Band 2. The gated spectrum used in this analysis is a sum of spectra
gated on the 283, 468, 403, 686, 760 keV transitions of Band 1. The last two can bring
small contribution from the 322 keV transition of Band 2, since transitions with energies
of 688 and 761 belong to Band 2. This contribution is expected to be very small, since the
688 and 761 keV transitions are much weaker that the 686 keV and 760-761 keV doublet
of Band 1. So we estimated how much the lifetime would change if there was a 10%
contribution from 322 keV peak of Band 2. It is clear from the bottom panels of Figure 4.7
that such contamination affects very little the measured lifetime.
For the 742.6 keV γ-line de-exciting the 24− level the situation is very different. The
lineshape shows much larger Doppler broadening, but the spectra gated on a sum of tran-
sitions, sum14, introduce a strong contamination from the 742 keV transition of 195Tl.
Since the 742 keV γ ray of 195Tl also has a lifetime the analysis is more complicated. We
measured separetly the lifetime of the 742 keV line in 195Tl, found it to be 0.7 ps, and
included this value in the fit of the 742.6 keV line of 194Tl, see Figure 4.8. It is also im-
portant to estimate the effect of different relative intensity of the two 742 keV peaks from
195Tl and 194Tl. Thus, fits assuming that the 195Tl contamination is 40% and 20% are
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shown in Figure 4.8. In addition analysis of this line from a 240 keV gated spectrum is
also shown. This gated spectrum does not show any contaminations, but it does have a
bit lower statistics. The results from both gated spectra are very similar, τ=1.4 ps. The
spectra gated on the 240 keV transition were also used to measure the lifetime of this 24−
level based on the Doppler broadening of the 361 keV line shown in Figure 4.8.
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Figure 4.7. Lineshape analysis for the 21− level in Band 1. Spectra at forward (F),
backward (B) and sum of forward and backward (F+B) angles are analysed. The lineshapes
in red correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in
green-contaminating peaks with apparatus lineshapes, in black-the total lineshape. The χ2
plot is shown too. In addition plots illustrating the flight-method analysis for this peak are
also shown. The bottom panels illustrate an analysis for possible contamination of the 322
peak, from the 322 keV transition in Band 2.
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Figure 4.8. Lineshape analysis for the 24− level in Band 1. Spectra at the sum (F+B) are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes, in black-the
total lineshape. The χ2 plot in the bottom left shows the contribution of the lines from the
195Tl and on the bottom right is the χ2 plot from where the value of τ was extracted.
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Band 2
A total of five lifetimes were extracted for the levels of this band. Band 2 is the strongest
populated band in this experiment. To extract the lifetime of high spin states the sum of
spectra gated below the line of interest was used. As an example the lineshape analysis of
the 483 keV 28+ → 27+ and 931 keV 28+ → 26+ transitions in 194Tl (transitions de-exciting
the highest level in Band 2) yielding a value of τ = 0.45 ps is shown in Figure 4.9.
If one compares the shapes of the 483 keV lines in the two spectra detected at 45◦ and
135◦ one can clearly see a difference in the slope on the low-energy side of the 483 keV
peak. This confirms the Doppler effect, i.e. there is a broadening of the peak on the low-
energy side in the 135◦ spectrum. This example also shows the ability of the software to
fit multiple peaks in the DSAM analysis, including an additional Doppler broadened peak
at 478 keV. The large Doppler broadening for the 931 keV line is clearly illustrated in this
figure.
In Figure 4.10 an example of the lineshape analysis for the 25+ level in Band 2 is shown.
This example shows extracting lifetime for a complicated system of 3 overlapping peaks
from a spectrum with relatively low statistics. Nevertheless the F and B spectra show a
difference, with increased broadening at the low-energy side in the B spectrum. A lifetime
τlsh=0.55 ps was extracted. A lifetime value for this level was also extracted with the flight
fraction method. The B-F spectrum showed a sinusoidal shape indicating a measurable
lifetime. The flight-fraction analysis yielded τ=0.45 ps. The final adopted value is shown
in the Flight plot.
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Figure 4.9. Lineshape analysis for the 28+ level in Band 2. Spectra at forward (F) and
backward (B) angles are analysed, as well as the sum (F+B) spectrum. The lineshapes
in red correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in
green-contaminating peaks with apparatus lineshapes, in black-the total lineshape. The χ2
plot is shown in the bottom right panel.
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Figure 4.10. Lineshape analysis for the 25+ level. Spectra at forward (F) and backward
(B) angles are analysed, as well as the sum (F+B) and the difference (B-F) spectra. The
lineshapes in red correspond to the calculated Doppler broaden peak for the obtained lifetime
τ , in green-contaminating peaks with apparatus lineshapes, in black-the total lineshape. The
Fflight plot is shown in the bottom right panel.
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Band 3
In this band a total of six lifetimes were extracted. The 19− level has a lifetime value of
τ=1.07 ps extracted from the sum of spectra gated from below. The 20− level also has a
large τ value of 1.05 ps. The 23− level has the lowest lifetime value extracted in this band,
τ=0.29 ps extracted from the sum of forward and backward spectra. Figures 4.11 and 4.12
show examples for the lineshape analysis spectra used to extract the lifetimes of the 23−,
22− and the 21− levels respectively.
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Figure 4.11. Left panels: Lineshape analysis for the 23− level in Band 3. Sum spectra for
the 758 keV and 430 keV lines are analysed. Right panels: Lineshape analysis for the 22−
level in Band 3. Sum (B+F) for the 704 keV and 328 keV lines are analysed. The line-
shapes in red correspond to the calculated Doppler broaden peaks for the obtained lifetimes
τ , in green-contaminating peaks with apparatus lineshapes, in black-the total lineshapes.
The χ2 plots are shown in the bottom panels.
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Figure 4.12. Left panels: Lineshape analysis for the 21− level in Band 3. Sum (F+B)
spectra for the 378 keV and 583 keV transitions are analysed. Right panels:Lineshape
analysis for the 279 keV transition in Band 3. Sum (F+B) and the difference (B-F)
spectra are analysed. The lineshapes in red correspond to the calculated Doppler broaden
peak for the obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes,
in black-the total lineshape. The Fflight plot is shown in the bottom right panel.
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Band 4
A total of six lifetimes were extracted for this band. The exact τ values for the 19−, 20− and
23− levels could not be obtained but limits on these lifetimes were deduced. It is worth to
mention that approximate values could still be extracted with 95% convidence. Examples
of the lineshape analyses for the 23− and 22− levels in Band 4 are shown in Figure 4.13.
In Figures 4.14 and 4.15 the reduced transition probabilities B(M1) and B(E2) values,
respectively, in Bands 1, 2, 3 and 4 are presented.
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Figure 4.13. Left panels: Lineshape analysis for the 23− level in Band 4. Sum spectra
are analysed. Right panels: Lineshape analysis for the 22− level in Band 4. Sum (F+B)
spectra are analysed for two different gates. The lineshapes in red correspond to the calcu-
lated Doppler broaden peak for the obtained lifetime τ , in green-contaminating peaks with
apparatus lineshapes, in black-the total lineshape. The χ2 plots are shown in the bottom
panels.
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Figure 4.14. B(M1) reduced transition probabilities for Bands 1,2,3 and 4 in 194Tl.
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Figure 4.15. B(E2) reduced transition probabilities for Bands 1,2,3 and 4 in 194Tl..
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4.6 Interpretation of Rotational Spectra
A look at the level scheme of 194Tl shows a number of backbends in both the negative and
positive parity bands. Such backbendings are a common feature of the rotational bands
in the transitional nuclei in this mass region and are understood in terms of quasi-particle
alignments. One can calculate the quasi-particle energies as a function of the rotational
frequency by applying the Cranked Shell Model described in section 2.3.2. However, before
carrying out this calculation, one must first determine the deformation parameters (β2, β4,
γ) required for the calculation of single-particle levels. Neighbouring Hg isotopes are often
considered as having axially symmetric oblate shapes [Hub86]. On the other hand the
even-even Hg isotopes have very low-lying second 2+2 states, which can be interpreted as
an indication of triaxial shape with γ ∼ 36◦ [Ess97]. In this work we also observed a pair of
bands, Bands 1 and 4 which show close near-degeneracy (for more details see section 4.7),
and can be then interpreted as a chiral pair. That interpretation suggests that the nuclear
shape is triaxial. Furthermore we have performed CNS calculations, which indicate a
triaxial shape for 194Tl (see Figure 4.22 in section 4.7). In the following discussion it is
assumed that the shape of 194Tl is triaxial with β2=0.15 and γ ∼ 40◦.
The calculated CSM quasi-particle Routhians for protons and for neutrons as a function
of the rotational frequency are shown in Figures 4.16 and 4.17, where the Fermi surface
is calculated for Z=81 and N=113 respectively. The nucleus 194Tl is represented as a one
quasi-proton one quasi-neutron excitation. The quasi-neutron orbitals have been labelled
with upper case letters whereA, B, C, D label the lowest energy positive-parity Routhians
and E and F label the lowest energy negative-parity Routhians. The quasi-proton orbitals
are labelled with lower case letters where e and f label the lowest energy negative-parity
Routhians. The neutron Routhians A, B, C, D originate from the i13/2 shell, while E and
F originate from low-j subshells, such as p3/2, f5/2 and p1/2. The e and f proton Routhians
originate from the h9/2 shell, and at ~ω= 0 and for γ=0
◦ correspond to Ω=9/2. More
information about the calculated quasiparticle Routhians, expected to play a role in the
excitations in 194Tl is given in Table 4.3
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Figure 4.16. Quasi-particle diagram for protons for 194Tl calculated at deformation pa-
rameters β2=0.15, β4=0.00 and γ=-40
◦. The levels are classified by parity and signature
quantum numbers as follows:(+,+1/2) solid lines, (+,-1/2) dotted lines, (-,+1/2) dash-
dotted lines, (-,-1/2) dashed lines.
4.6.1 Experimental Routhians and Alignments
Experimental data can be compared to the quasi-particle diagrams. Such comparison needs
calculated experimental Routhians and alignments. The energy associated with an excited
quasi-particle configuration can be determined by taking the difference between the total
Routhian E
′
and that of a reference rotor E
′
ref at a given rotational frequency
e
′
= E
′
(ω)−E ′ref(ω) = E
′
(ω)−
∫
(J0+J1ω)ωdω = E ′(ω)−(ω
2
2
J0+ ω
4
4
J1− 1
8J0 ) (4.1)
where the term 1/8J0 is an integration constant to ensure e′=0 at I=0. The constants J0
and J1 are the Harris parameters of an appropriately chosen reference rotor. The Harris
parameters chosen for the analysis of 194Tl were J1= 8 ~2MeV−1 and J2=40 ~4MeV−3 as
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Figure 4.17. Quasi-particle diagram for neutrons for 194Tl calculated at deformation pa-
rameters β2=0.15, β4=0.00 and γ=-40
◦. The levels are classified by parity and signature
quantum numbers as follows:(+,+1/2) solid lines, (+,-1/2) dotted lines, (-,+1/2) dash-
dotted lines, (-,-1/2) dashed lines.
used in the even-even Hg core. Quasi-particle Routhians for negative-parity Bands 1, 3
and 4 and for positive-parity Bands 2 and 5 are shown in Figure 4.18.
In a similar way, the alignment i is defined as the difference of the angular momentum
aligned with the nuclear rotation axis Ix and that of the reference rotor given by
i = Ix(ω)− Iref(ω) = Ix(ω)− ω(J0 + ω2J1) (4.2)
where the aligned angular momentum Ix is
√
I(I + 1)−K2. A plot of the alignments for
negative- and positive-parity bands are shown in Figure 4.18.
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Table 4.3. Labelling and alignments of the calculated CSM quasiproton and quasineutron
Routhians for γ=-40◦.
Routhian (parity,signature) Nilson quantum numbers alignment (~)
(π, α) at ω=0 at ~ω=0.3 MeV
A (+,+1/2) νi13/2 [660]1/2
+ 5.7
B (+,-1/2) νi13/2 [660]1/2
+ 4.7
C (+,+1/2) νi13/2 [651]3/2
+ 3.7
D (+,-1/2) νi13/2 [651]3/2
+ 2.5
E (-,-1/2) νj, j=p3/2,f5/2 2.5
F (-,+1/2) νj j=p3/2,f5/2 3.7
e (-,-1/2) πh9/2 [505]9/2
− 1.1
f (-,+1/2) πh9/2 [505]9/2
− 1.7
g (-,-1/2) πh11/2 [550]1/2
− 3.9
4.6.2 Alignments at Moderate Rotational Frequencies (~ω<0.4
MeV)
At low frequencies, the negative parity Band 1 has approximately 8~ of angular momentum
aligned with the nuclear rotation axis. This further confirms its identification with the
configuration based on the eA/fA orbitals (πh9/2⊗νi13/2) as such large angular momentum
can only be generated by a combination of high-j odd valence proton and neutron. Band 4
has an alignment of approximately 10~. This large alignment can only be associated with
a configuration involving the high-j πh9/2⊗ νi13/2 configuration. It is unlikely to link Band
4 with the configuration eB/fB, since the B Routhian has lower alignment than the A
Routhian, thus eB/fB configuration is expected to show lower alignment than eA/fA. A
likely interpretation of Band 4 is that it is a chiral partner to Band 1. For more details on
this suggestion see section 4.7.
Both Bands 1 and 4 undergo a large, sudden increase in their aligned spin at rotational
frequency of ~ω=0.3 MeV. These bandcrossings can be interpreted as an alignment of a
νi13/2 pair, which is equivalent to the excitation of a pair of quasi-neutrons into B and
C Routhians as shown in Figure 4.17. Note that the alignments of the two negative
parity Bands 1 and 4 are the same above band crossing, ∼18~. This further supports the
assignment of these bands as four quasiparticle bands with eABC/fABC configurations
for both Band 1 and Band 4 respectively.
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Figure 4.18. Alignments (a) and Routhians (b) as a function of rotational frequency for
the negative parity bands, (Bands 1, 3 and 4) in 194Tl. Alignments (c) and Routhians (d)
for the positive parity bands (Bands 2 and 5) in 194Tl. These are calculated with reference
parameters of J0 = 8 ~
2/MeV and J1 = 40 ~
4/MeV3.
Band 3 has an alignment of approximately 17~. The alignment of this band is about 1~
lower than the alignments of Bands 1 and 4 above the band crossing. It does make sense
to associate this band with the eABD/fABD or eBCD/fBCD orbitals as these con-
figurations correspond to lower alignments than the eABC/fABC bands. This scenario
however leaves unexplained the observed lower excitation energy of Band 3 with respect to
the excitation energies of the 4-quasiparticle Bands 1 and 4. Part of Band 3 was previously
observed and interpreted as a possible shears band [Pai12]. This interpretation was based
on a different ordering of the M1 transitions, and on a lack of observed E2 cross over
transitions. The band looked as if it could have large ratios of B(M1)/B(E2) reduced
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Figure 4.19. B(M1)/B(E2) transition probabilities for Bands 1, 2, 3, 4 and 5 in 194Tl.
transition probabilities, similar to those found in shears bands. However the larger data
set in our work yielded more complete information about this band. The E2 crossover
transitions were observed, and we found that the B(M1)/B(E2) ratios for Band 3 are very
similar to those for Bands 1 and 4 at high spin (see Figure 4.19). This comfirms that Band
3 is not a shears band. In general the calculated alignments for the negative parity bands
are somewhat lower than the experimental values. We have no plausible explanation for
that and hope that more detailed calculations will be able to reveal the source for this
discrepancy.
We associate the positive-parity Bands 2 and 5 with the eABF/fABF and eABE/fABE
configurations, respectively, based on their alignments of approximately 13-15~ and pos-
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Table 4.4. Comparison of observed and calculated band crossing frequencies and align-
ments in 194Tl associated with Bands 1, 2, 3, 4 and 5.
configuration ~ωc(MeV) initial i final i align gain (~)
exp calc exp calc exp calc exp calc
eA→eABC 0.30 0.28 8.2 6.8 18 15.2 9.8 8.4
fA→fABC 0.30 0.28 8.2 7.4 18 15.8 9.8 8.4
eABD 17 14.0
fABD 17 14.6
eABF→ eABCDF 0.35 0.40 15 15.2 20 21.4 5 6.2
fABF→ fABCDF 0.35 0.40 15 15.8 20 22 5 6.2
eABE→ eABCDE 0.35 0.40 14 14.0 20.2
fABE → fABCDE 0.35 0.40 14 14.6 20.8
itive parity. Furthermore such excitations involving a negative parity low-j orbital are
systematically observed in all neighbouring nuclei. Band 2 undergoes an alignment at a
rotational frequency of 0.35 MeV. The CSM calculations show that the first unblocked
alignment for this band is the CD alignment and it occurs at ωCD ≈0.40 MeV for triaxial
shape with γ=-40◦. The observed lower bandcrossing frequency is in a better agreement
with an axially symmetric shape with γ=-60◦, for which ωCD ≈0.35 MeV. The observed
gain in the alignment of about 5~ see Figure 4.18 (c) is consistent with the expected
alignment of about 6~ (see Table 4.4)
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4.7 Close-near degeneracy in Bands 1 and 4, indicating
possible chiral symmetry
As discussed in Chapter 1, a discrete chiral symmetry breaking formed in the angular
momentum space has been suggested to be revealed by a pair of degenerate ∆I=1 rota-
tional bands [Fra97]. Prior to this work, extensive work has been carried out from both a
theoretical and experimental point of view to search for chiral partner bands and to seek
better understanding of the expected chiral fingerprints. Up to date several candidates in
different mass regions have been discovered.
Figure 4.20. Partial level scheme showing the near-degenerate pair of rotational bands in
194Tl. New transitions are shown in red, while transitions with revised placement or energy
are in purple. The uncertainties in the measured γ-ray energies are typically about 0.3 keV
for most transitions, but increase to 0.5 keV for weak and doublet transitions.
It is worth mentioning that currently known chiral candidates show similar properties
rather than degeneracy. Furthermore the degree of similarity differs from one proposed
possible chiral candidate to another. The four cases for which symmetry breaking has
been regarded as the best shown to date also show such differences. As an example, two of
the best candidates are found in 126,128Cs [Wan06; Koi03]. The relative excitation energies
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of the levels in these πh11/2⊗ νh−111/2 partner bands remain approximately constant, ∆E ∼
200 keV, over the whole observed spin ranges of I = 11− 22 and I = 11− 17, respectively.
Furthermore the partner bands have the same alignments and moments of inertia, while
the ratios of the B(M1)/B(E2) transition probabilities are similar for most levels of the
partner bands, except for a few levels which exhibit a difference of a factor of two or more.
The individual B(M1) and B(E2) transition probabilities also show similar values, except
for a few levels which exhibit a difference of a factor of two or more [Gro11; Gro06].
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Figure 4.21. Left panels: Excitation energies, alignments, and B(M1)/B(E2) ratios for
the yrast (Band 1) and side (Band 4) bands in 194Tl. Data involving the 11− and 12−
levels of Band 4 are shown with open diamonds, for details see text. The alignments are
calculated with reference parameters of J0 = 8 ~
2/MeV and J1 = 40 ~
4/MeV3. Right
panels: The difference in the excitation energies ∆E, alignments ∆i, and ratios of the
reduced transition probabilities ∆B(M1)/B(E2), as a function of spin ∆I with respect to
the band head spin, for the 4-quasiparticle bands in 194Tl, 3-quasiparticle bands in 135Nd,
and 2-quasiparticle bands in 128Cs and 104Rh. The alignments are calculated with reference
parameters of J0 = 8 ~
2/MeV and J1 = 40 ~
4/MeV3 for 135Nd, J0 = 8 ~
2/MeV and J1 =
25 ~4/MeV3 for 104Rh, and J0 = 16 ~
2/MeV and J1 = 33 ~
4/MeV3 for 128Cs. Experimental
data for 135Nd, 104Rh, and 128Cs are taken from [Zhu03; Muk07], [Vam04], and [Koi03],
respectively.
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Another very good chiral candidate is found in 135Nd, where a pair of 3-quasiparticle
πh211/2 ⊗ νh−111/2 bands shows close near-degeneracy [Zhu03]. In this case the relative ex-
citation energy in the bands is not constant but decreases from ∆E = 497 keV at I =
27/2 to a minimum value of ∆E = 94 keV at I = 39/2, after which an increasing trend
is observed. The alignments in the partner bands differ by about 1.5 ~ for I ≤ 35/2, and
become similar only around I = 39/2. The B(M1) and B(E2) transition probabilities show
almost identical values for all measured levels [Muk07].
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Figure 4.22. Potential energy as a function of deformation for the negative parity Bands
1 and 4 in 194Tl, and for I = 11 and I = 21. The spacing between the contour lines is 0.25
MeV.
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The pair of πg−19/2 ⊗ νh11/2 bands in 104Rh is another very good chiral candidate [Vam04].
These partner bands also show a decreasing trend of the relative excitation energy from
∆E = 413 keV at I = 11, to an almost completely vanishing value of ∆E = -1 keV at I =
17. The alignments of the partner bands differ by about 1.5 ~, while the B(M1)/B(E2)
reduced transition probability ratios are similar for I = 15, and differ significantly for I =
13 and 14.
In the work presented in this thesis a pair of bands built on a 2-quasiparticle configura-
tion, which is followed through a band crossing and into a 4-quasiparticle configuration
is observed. The observed 4-quasiparticle partner bands have exceptionally good near-
degeneracy in the excitation energies, with ∆E not larger than 110 keV for the whole
observed spin range of I = 19 − 23, reaching a value of ∆E = 37 keV at I = 21. In
addition these bands show a close similarity in the alignments, moments of inertia and
B(M1)/B(E2) ratios. This is the second Tl isotope, after 198Tl [Law08], for which candi-
date chiral bands are reported. Partial results about these possible chiral partner bands
in 194Tl were recently published in [Mas13]. These bands present the first case to date for
which chiral symmetry breaking seem to persist even above the band crossing.
In this section we shall focus on discussing the possible chirality of these two bands. For
convenience a partial level scheme showing these two bands is presented in Figure 4.20.
The partner bands show similarities in several properties, which are shown in the left
panels of Figure 4.21. The two 4-quasiparticle πh9/2 ⊗ νi−313/2 bands exhibit exceptionally
good near-degeneracy. They remain very close in excitation energy, separated by not more
than 110 keV within the whole observed spin range of I = 19 − 23. The relative energy
reaches a value as small as 37 keV at I = 21. Furthermore the alignments and moments
of inertia of these partner bands are almost identical. The ratios of the B(M1)/B(E2)
reduced transition probabilities also show similar values.
The excellent near-degeneracy of this pair of bands is further illustrated in the right panels
of Figure 4.21. Among the best known examples of near-degenerate partner bands are the
two-quasiparticle πh11/2⊗ νh−111/2 bands in 126,128Cs and πg−19/2⊗ νh11/2 bands in 104Rh, and
the three-quasiparticle πh211/2 ⊗ νh−111/2 bands in 135Nd. The differences in the excitation
energies ∆E = Eside−Eyrast, alignments ∆i = iside−iyrast, and ratios of reduced transition
probabilities ∆B(M1)/B(E2) = B(M1)/B(E2)side−B(M1)/B(E2)yrast are shown in the
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right panel of Figure 4.21 for the four-quasiparticle bands in 194Tl and the partner bands
in 104Rh, 135Nd and 128Cs (the near-degeneracy in 126Cs is very similar to that in 128Cs).
The spin ∆I = I− I0 is with respect to the band head spin I0. Values for I0 of 9, 10, 25/2,
and 18 are adopted for 104Rh, 128Cs, 135Nd and 194Tl, respectively. This comparison shows
that the near-degeneracy in the 4-quasiparticle bands in 194Tl is perhaps the best found to
date.
The observation of partner bands with near-degenerate properties is expected to indicate
chiral geometry and a non-axial shape. Indeed, in this mass region calculations for the
2-quasiparticle πh9/2 ⊗ νi−113/2 partner bands in 198Tl based on the two-quasiparticle-plus-
triaxial-rotor model [Sem91-92], showed that for an axially symmetric shape the two part-
ner bands will exhibit a trend of increasing relative excitation energy. In order to obtain
a nearly constant or decreasing trend, one needs to assume that the nuclear shape has a
considerable triaxiality [Law08]. Similar calculations were performed for the πh9/2⊗ νi−113/2
bands in 194Tl and also indicate that in order to reproduce the decreasing relative excitation
energy a large triaxial deformation of 30◦ ≤ γ ≤ 40◦ is needed.
The theoretical calculations for the partner bands in 194Tl were performed using the
Cranked Nilsson-Strutinsky (CNS) codes [Ben85; Car06], with standard parameters for
the Nilsson potential and a configuration involving one proton in the h9/2 shell and nine
neutrons in the i13/2 shell. The potential energy surfaces as a function of the spin were cal-
culated. At low spins the absolute minimum of the potential energy indicates a moderately
deformed (ε ∼ 0.17) shape with a large triaxiality of γ ∼ -43◦, see Figure 4.22 (a). This
minimum also confirms that a rotation around the intermediate axis is dominant. The plot
also shows an additional local minimum for 32◦ ≤ γ ≤ 45◦ representing a rotation of this
triaxial nucleus along its short axis. This triaxiality of the nuclear shape persists at higher
spins, where the absolute energy minimum is again associated with rotation around the
intermediate axis, Figure 4.22 (b). Therefore the CNS calculations yield a triaxial nuclear
shape at all spins, indicate that the collective rotation is predominantly oriented along
the intermediate nuclear axis, and thus support the presence of a chiral geometry in the
angular momentum space.
The partner bands of 194Tl exhibit properties which are consistent with a chiral geometry
and present one of the best cases of near-degeneracy in partner bands observed to date, and
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Figure 4.23. B(M1) reduced transition probabilities for the yrast and side bands in 194Tl.
the first pair of 4-quasiparticle bands associated with chiral symmetry [Mas13]. A further
evidence to test the proposed chirality scenario is carried out by comparing electromagnetic
transition probabilities of the partner bands of 194Tl. The lifetimes of 9 states in the yrast
band (Band 1) and 6 states in the side band (Band 4) have been deduced in this work as
presented in Table 4.2. The reduced B(E2) and B(M1) transition probabilities measured
in this experiment are presented in Figures 4.23 and 4.24 respectively. One can see that
there is a close similarity between the B(E2) and B(M1) values for both bands further
supporting the suggested chirality scenario.
It seems likely that chiral systems built on longer angular momentum vectors can bet-
ter stabilize the chiral geometry of the system [Muk07]. On the other hand such sys-
tems are subjected to stronger Corriolis effects and thus to a faster mis-alignment of the
initially nearly-orthogonal individual angular momenta. The observation of an excellent
near-degeneracy in a pair of 4-quasiparticle partner bands shows that chiral systems are
perhaps likely to form for many-particle nucleon configurations, and encourages searches
for other such cases. Theoretical calculations [Shi13] confirmed that chiral systems can be
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Figure 4.24. B(E2) reduced transition probabilities for the yrast and side bands in 194Tl.
build on configurations involving high-spins and asymmetric nucleon configurations.
 
 
 
 
Chapter 5
CONCLUSIONS
High spin states in 194Tl were studied using the 181Ta(18O, 5n) reaction at the beam
energies of 91 and 93 MeV. The previously known level scheme of 194Tl was significantly
extended and more than 130 new transitions were placed in the level scheme. Spins and
parities to the newly observed levels were assigned with the help of the DCO ratios, RAD
and linear polarisation anisotropies respectively. The observed rotational structures were
interpreted in the frame work of the CSM model. The configurations were proposed for
all five observed bands in 194Tl. Furthermore a pair of negative-parity bands with similar
properties is observed in 194Tl. The 4-quasiparticle partner bands, built on the πh9/2⊗νi−313/2
configuration show very close near-degeneracy in excitation energy and alignments and
similar B(M1)/B(E2) ratios. This is perhaps one of the best near-degeneracy in partner
bands observed up to date. It probably results from a chiral geometry in the angular
momentum space. Lifetimes in 194Tl were measured using the DSAM technique. The
reduced transition probabilities were deduced including for the two partner bands. The
measured B(M1) and B(E2) show close near-degeneracy for the partner bands and further
support the suggested chiral breaking symmetry.
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Chapter 6
APPENDIX A. RESULTS OF THE
DSAM ANALYSIS.
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Figure 6.1. Lineshape analysis for the 16− level in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green contaminating peaks with apparatus lineshapes, in black the
total lineshape. The χ2 plot is shown in the bottom panel.
Figure 6.2. Lineshape analysis for the 17− level in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in black-the total lineshape. The χ2 plot is shown in the right panel.
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Figure 6.3. Lineshape analysis for the two 18− levels in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetimes τ , in green contaminating peaks with apparatus lineshapes, in black the
total lineshape. The χ2 plots for are shown in the bottom left and bottom right panels.
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Figure 6.4. Lineshape analysis for the 19− level in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes, in black the
total lineshape. The χ2 plot is also shown.
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Figure 6.5. Lineshape analysis for the 20− level in Band 1. Sum spectra are analysed. The
lineshapes in red correspond to the calculated Doppler broaden peak for the obtained lifetime
τ , in green-contaminating peaks with apparatus lineshapes, in black the total lineshape. The
χ2 plot is also shown.
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Figure 6.6. Lineshape analysis for the 21− level in Band 1. Spectra at forward (F),
backward (B) and sum of forward and backward (F+B) angles are analysed. The lineshapes
in red correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in
green-contaminating peaks with apparatus lineshapes, in black-the total lineshape. The χ2
plot is shown too. In addition plots illustrating the flight-method analysis for this peak are
also shown. The bottom panels illustrate an analysis for possible contamination of the 322
peak, from the 322 keV transition in Band 2.
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Figure 6.7. Lineshape analysis for the 22− level in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes, in black the
total lineshape. The χ2 and the Fflight plots used to extract the τ value are shown in the
top and the bottom right panels respectively.
 
 
 
 
153
Figure 6.8. Lineshape analysis for the 22− level in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes, in black the
total lineshape. The χ2 plot is shown in the bottom right panel.
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Figure 6.9. Lineshape analysis for the 23− level in Band 1. Sum (F+B) spectra are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes, in black the
total lineshape. The Fflight plot is shown in the bottom right panel.
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Figure 6.10. Lineshape analysis for the 24− level in Band 1. Spectra at the sum (F+B) are
analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for the
obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes, in black-the
total lineshape. The χ2 plot in the bottom left shows the contribution of the lines from the
195Tl and on the bottom right is the χ2 plot from where the value of τ was extracted.
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Figure 6.11. Lineshape analysis for the 24+ level in Band 2. Spectra at the forward
(F), backward (B), sum (F+B) and difference (B-F) are analysed. The lineshapes in red
correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in green-
contaminating peaks with apparatus lineshapes, in black the total lineshape. The χ2 plot
is shown in the bottom panel.
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Figure 6.12. Lineshape analysis for the 25+ level in Band 2. Spectra at the forward
(F), backward (B), sum (F+B) and difference (B-F) are analysed. The lineshapes in red
correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in green-
contaminating peaks with apparatus lineshapes, in black the total lineshape. The Fflight
plot is shown in the bottom right panel.
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Figure 6.13. Lineshape analysis for the 26+ level in Band 2. Spectra at the forward
(F), backward (B), sum (F+B) and difference (B-F) are analysed. The lineshapes in red
correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in green-
contaminating peaks with apparatus lineshapes, in black-the total lineshape. The χ2 plot is
shown in the bottom right panel.
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Figure 6.14. Lineshape analysis for the 27+ level in Band 2. Spectra at the forward
(F), backward (B) and sum (F+B) are analysed. The lineshapes in red correspond to the
calculated Doppler broaden peak for the obtained lifetime τ in green contaminating peaks
with apparatus lineshapes, in black the total lineshape. The χ2 plot is shown in the bottom
panel.
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Figure 6.15. Lineshape analysis for the 28+ level in Band 2. Spectra at forward (F) and
backward (B) angles are analysed, as well as the sum (F+B) spectrum. The lineshapes
in red correspond to the calculated Doppler broaden peak for the obtained lifetime τ , in
green-contaminating peaks with apparatus lineshapes, in black-the total lineshape. The χ2
plot is shown in the bottom right panel.
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Figure 6.16. Lineshape analysis for the 20− level in Band 3. Spectra at for the sum (F+B)
are analysed. The lineshapes in red correspond to the calculated Doppler broaden peak for
the obtained lifetime τ in green contaminating peaks with apparatus lineshapes, in black
the total lineshape. The χ2 plot is shown in the right panel.
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Figure 6.17. Left panels: Lineshape analysis for the 21− level in Band 3. Sum (F+B)
spectra for the 378 keV and 583 keV transitions are analysed. Right panels:Lineshape
analysis for the 279 keV transition in Band 3. Sum (F+B) and the difference (B-F)
spectra are analysed. The lineshapes in red correspond to the calculated Doppler broaden
peak for the obtained lifetime τ , in green-contaminating peaks with apparatus lineshapes,
in black-the total lineshape. The Fflight plot is shown in the bottom right panel.
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Figure 6.18. Left panels: Lineshape analysis for the 23− level in Band 3. Sum spectra for
the 758 keV and 430 keV lines are analysed. Right panels: Lineshape analysis for the 22−
level in Band 3. Sum (B+F) for the 704 keV and 328 keV lines are analysed. The line-
shapes in red correspond to the calculated Doppler broaden peaks for the obtained lifetimes
τ , in green-contaminating peaks with apparatus lineshapes, in black-the total lineshapes.
The χ2 plots are shown in the bottom panels.
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Figure 6.19. Lineshape analysis for the 16− and 15− levels in Band 4. Spectra at the
forward (F), backward (B) and sum (F+B) are analysed. The lineshapes in red correspond
to the calculated Doppler broaden peak for the obtained lifetime τ in green contaminating
peaks with apparatus lineshapes, in black the total lineshape. The χ2 plot are shown in the
bottom right (16−) and bottom (15−) panels.
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Figure 6.20. Lineshape analysis for the 20− and 19− levels in Band 4. Spectra at the
forward (F), backward (B) and sum (F+B) are analysed. The lineshapes in red correspond
to the calculated Doppler broaden peak for the obtained lifetime τ in green-contaminating
peaks with apparatus lineshapes, in black-the total lineshape. The χ2 plot is shown in the
bottom panel.
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Figure 6.21. Lineshape analysis for the 20− and 19− levels in Band 4. Spectra at the
forward (F), backward (B) and sum (F+B) are analysed. The lineshapes in red correspond
to the calculated Doppler broaden peak for the obtained lifetime τ . The χ2 plot are shown
in the right panels.
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Figure 6.22. Lineshape analysis for the 21− level in Band 4. Spectra at the forward
(F), backward (B) and sum (F+B) are analysed. The lineshapes in red correspond to the
calculated Doppler broaden peak for the obtained lifetime τ , in green-contaminating peaks
with apparatus lineshapes, in black-the total lineshape. The χ2 plot are shown in the bottom
panels.
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